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Abstract
Because o f the emerging demand for bandwidth, future wireless access networks are 
likely to use high frequency microwave signals as the access media. Hence, radio­
frequency (RF) signals need to be processed and transmitted with higher bandwidth 
in many applications. However, the attenuation o f RF signals in traditional 
transmission media increases rapidly when the frequencies o f the signal increase. On 
the other hand, optical fiber has emerged as an alternative and promising 
transmission medium in which RF modulated optical carriers can be transmitted and 
distributed with very low loss. This kind o f hybrid radio/fiber system or Radio over 
Fiber (RoF) system provides good synergy between optics and radio.
This thesis first introduces optical and radio communication systems, and provides a 
review of the RoF systems for wireless access networks. The research then explores 
the effects o f Stimulated Brillouin Scattering (SBS) in RoF distribution networks, 
and shows that it can seriously degrade the performance o f radio-over-fiber systems 
in which a high transmission power is required. The work then goes onto look at 
how pre-filtering o f the optical microwave signal can simultaneously perform Single 
Sideband (SSB) filtering to overcome the effects o f signal fading due to dispersion, 
in addition to reducing the effect o f SBS on signal transmission. Subsequently, the 
thesis investigates how to overcome the SBS effect by changing the modulation 
depth o f the optical microwave signal. These experiments show that increasing the 
modulation index may increase the Brillouin threshold, as it is primarily the carrier 
power that induces the SBS effect due to its narrow linewidth. In this way we can 
further reduce the limitations on system performance due to SBS.
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Thesis overview
This thesis is divided into six chapters and its layout is as follows:
Chapter 1 gives an introduction to the optical fiber communication and the radio 
frequency communications. The basic concepts and the components used in the 
communication systems are described. Then we explain why the increasing 
bandwidth demand of wireless services encourages the combination of the optical 
fiber and the radio frequency communications.
Chapter 2 gives the detailed overview of the radio over fiber (RoF) distribution 
networks. The components, techniques and the architectures available for those 
networks are described. In this chapter, we discuss the RoF technology in some 
detail, and the modulation techniques used in RoF systems. We also discuss how to 
overcome chromatic dispersion effects in RoF systems, techniques to improve optical 
spectral efficiency, and the nonlinearity problems encountered in RoF systems.
Chapter 3 describes the method we proposed, which is pre-filtering, to reduce the 
SBS nonlinear effect in RoF transmission systems. In this chapter, we investigate the 
possibility of performing SSB filtering to simultaneously overcome the effects of 
dispersion and SBS in the transmission fibre. The results show that the pre-filtering 
can filter out one side band as well as reduce the effect of SBS.
Chapter 4 is the further investigation of overcoming the SBS effect by changing the 
modulation depth of the optical microwave signal. The experiments showed that 
increasing the modulation index increases the Brillouin threshold, as it is primarily 
the carrier power that induces the SBS effect due to its narrow linewidth. Thus, to 
further reduce the limitations on system performance due to SBS, it may be 
advantageous to ensure that any optical filter used at the central station not only 
generates a Single-Sideband-Signal to overcome dispersive fading, but also 
maximizes the modulation depth to reduce SBS effects.
C h ap te r 5 g ives a b r ie f  su m m ary  o f  th e  th es is  an d  p re sen ts  som e conc lusions.
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C h a p t e r  1
Optical Communications and Radio 
Communications
1 .1  F u n d a m e n t a l  o f  o p t ic a l  f i b e r  c o m m u n ic a t io n s
Communication is the transmission of information from one point to another. Optical 
fiber communication is a technology that uses glass (or plastic) fibers to transmit 
data. An optical fiber cable consists of a bundle of glass threads, each of which is 
capable of transmitting messages modulated onto light waves [1]. 
Telecommunication networks based on optical fiber communications have become a 
major information-transmission system, with high-capacity optical fiber links 
encircling the globe in both terrestrial and undersea installations.
Fiber optics is a medium for carrying information from one point to another in the 
form of light. Unlike the copper form of transmission, fiber optics is not electrical in 
nature. Like any communication system, a basic fiber optic system consists of a 
transmitting device, which generates the light signal; an optical fiber cable, which 
carries the light; and a receiver, which accepts the light signal transmitted.
The transmitting device, or transmitter, usually consists of a semiconductor laser or 
LED (Light Emitting Diode) [2] [3], modulated by an electrical information source. 
The modulated light from the source is then coupled into an optical fiber channel 
through which it is transmitted. At the fiber end, it is detected at the receiver, which 
generally consists of a photodetector, an amplifier and a signal-processing circuit.
1.1.1 T ransm itters
There are two kinds of optical sources: LED and laser diode [4], LEDs have broad 
spectral width and their output is incoherent. On the other hand, the laser diodes’ 
output is coherent and highly monochromatic; hence they are generally used for 
systems requiring bandwidth greater than approximately 200 MHz. There are three 
kinds of generally used lasers [3]: FP (Fabry-Perot) laser, DFB (Distributed- feed­
back) laser and VCSEL (Vertical Cavity Surface-emitting Laser) laser [5], which is a 
new laser structure that emits laser light vertically from its surface and has a vertical 
laser cavity.
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Laser diodes have some advantages over LEDs, which make them popular when 
used in modem transmission system [3], Among those advantages, we introduce 
three main ones. The first one is faster response time, which means greater 
modulation rates and higher data transmission rates. The second advantage is 
narrower spectral width of the output, which implies less dispersion-induced signal 
distortion. Last, but not the least, laser diodes have much higher optical power levels 
than LEDs. Hence we can couple higher signal power into a fiber with a laser diode 
and allow long transmission distances.
On the other hand, the laser diodes still have some drawbacks when compared with 
LEDs. First, their construction is more complicated than the LEDs, which is mainly 
because of the requirement of current confinement in a small lasing cavity. Then, the 
optical output power level is strongly dependent on temperature. This increases the 
complexity of the transmitter circuitry. If a laser diode is to be used over a wide 
temperature range, then either a cooling mechanism must be used to maintain the 
laser at a constant temperature or a thresholds-sensing circuit must be implemented 
to adjust the bias current with changes in temperature. The third one is that they are 
susceptible to catastrophic facet degradation that greatly reduces the device lifetime. 
The mechanical damage of the facets may arise after short operating times at high 
optical power densities.
Several key characteristics of laser diode determine their usefulness in a given 
application and we introduce them below in detail [6]:
Peak W avelength: This is the wavelength at which the source emits the most power. 
It should be matched to the wavelengths that are transmitted with the least 
attenuation through optical fiber. The most common wavelengths employed are 1310  
and 1550 nm.
Spectral W idth: Ideally, all the light emitted from a laser would be at the peak 
wavelength , but in practice the light is emitted in a range of wavelengths centered at 
the peak wavelength. This range is called the spectral width of the source, and 
dependent on whether the laser is multimode or single mode, the spectrum width can
vary from > 10 nm to < 0.01 nm.
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Power: The best results are usually achieved by coupling as much of a source's 
power into the fiber as possible. The key requirement is that the output power of the 
source be strong enough to provide sufficient power to the detector at the receiving 
end, considering fiber attenuation, coupling losses and other system constraints. In 
general, lasers are more powerful than LEDs (e.g., 5 mW vs. 0.1 mW).
Bandwidth: A source should turn on and off fast enough to meet the bandwidth 
requirement of the system. The speed is given according to a source's rise or fall 
time, the time required to go from 10% to 90% of peak power. Lasers have faster rise 
and fall times than LEDs.
Figure 1-1 is the PI curve of a standard DFB laser, which is the relationship between 
optical output power and laser diode drive current. At low diode currents, only 
spontaneous radiation is emitted. Both the spectral range and the lateral beam width 
of this emission are broad like that o f an LED. A dramatic and sharply defined 
increase in the power output occurs at the lasing threshold. As this transition point is 
approached, the spectral range and the beam width both narrow with increasing drive 
current. The final spectral width is reached just past the threshold point [4],
5
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Figure 1-6: Wavelength vs. temperature
Figure 1-2 is the wavelength vs. temperature curve of the same laser. This Figure 
shows that when the temperature of the laser diode is increasing, the emitted light 
wavelength will increase [5].
Figure 1-7: The spectrum of a single-mode CW laser
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The spectrum of a single-mode CW laser is shown in the Figure 1-3, which gives us 
a basic concept o f the spectrum. The Peak Wavelength is around 1550 nm and the 
spectral line width is measured to be 0.05 nm. But this is limited by the resolution of 
the Optical Spectrum Analyzer (OSA) that is used to measure the spectrum. In 
addition, another important parameter o f the signal is the Side Mode Suppression 
Ratio (SMSR). The SMSR is a ratio between the output power emitted in the 
strongest mode and that emitted in the second strongest mode and is usually 
expressed in decibels. The spectrum shown in the Figure 1-3 has a SMSR value of 40
1.1.2 O ptical receiver
An optical receiver is a device that detects an optical signal, converts it to an 
electrical signal, and processes the electrical signal as required for further use [8], An 
optical receiver generally consists of a photodetector [3][4], an amplifier and the 
signal-processing circuit. Among the semiconductor-based photodetectors, the 
photodiode is used almost exclusively for fibre optical systems because of its small 
size, suitable material, high sensitivity, and fast response time. Generally we have 
two kinds o f photodiodes, the PIN photodiode and the APD (avalanche 
photodiode) [9].
Two fundamental noise mechanisms, shot noise and thermal noise [10][11][12], lead 
to fluctuations in the current even when the incident optical signal has a constant 
power. The electrical noise induced by current fluctuations affects the receiver 
performance. In generally, for PIN photodiodes, the thermal noise currents o f the 
detector load resistor and the active elements o f the amplifiers circuitry are the 
dominant noise sources [13], For APDs usually the thermal noise is of less 
importance and the shot noises dominate. An additional noise, known as “excess 
noise”, is the multiplication noise, which describes the statisitical noise that is 
inherent with the stochastic APD multiplication process.
1.1.3 Channel
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In an optical communication system, the channel is set up with single-mode or 
multimode optical fiber [12]. An optical fiber is a dielectric waveguide that operates 
at optical frequencies. This fiber waveguide is normally cylindrical in form.
The propagation of light along a waveguide can be described in terms o f a set of 
guided electromagnetic waves called the modes o f the waveguide. Although many 
different configurations o f the optical waveguide exist, the most widely accepted 
structure is the single solid dielectric cylinder. This cylinder is known as the core of 
the fiber and a solid dielectric cladding that has a lower refractive index surrounds 
the core.
In an optical fiber, if the refractive index of the core is uniform throughout and 
undergoes an abrupt change (or step) at the cladding boundary, then it is called a 
step-index fiber. In the second case, the core refractive index is made to vary as a 
function o f the radial distance from the centre o f the fiber. This type of fiber is 
graded-index fiber.
The attenuation o f an optical fiber measures the amount o f light lost between input 
and output [13]. It is dominated by absorption and scattering within the fiber. 
Sometimes other effects can cause important losses, such as light leakage from fibers 
that suffer from severe bending. Attenuation limits how far a signal can travel 
through a fiber before it becomes too weak to be correctly detected above the noise.
Another importan parameter o f optical fiber is dispersion [14], which causes a 
broading o f the data signal. There are generally two sources o f dispersion. The first 
one is material dispersion, which comes from a frequency-dependent response of a 
material to waves. And the second one is waveguide dispersion [15], which is 
important only in single-mode fibers, caused by the dependence of the phase and 
group velocities on core radius, numerical aperture, and wavelength.
Fiber optics has several advantages over traditional metal communication lines. 
These advantages include:
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Long distance signal transm ission. The low attenuation and superior signal 
integrity found in optical systems allow much longer intervals o f signal transmission 
than metallic-based systems. While single-line, voice-grade copper systems longer 
than a couple o f kilometers require in-line signal repeaters for satisfactory 
performance, it is very usual for optical systems to go over 100 kilometers (km), with 
no active or passive processing. Emerging technologies promise even longer 
distances in the future.
Large bandw idth, light weight, and small diam eter. Another significant advantage 
is that the fiber optic cables have a much greater bandwidth than metal cables, which 
means that they can carry more data. Fiber optic cables are also less susceptible than 
metal cables to interference. Furthermore, the fiber optic cables are much thinner and 
lighter than metal wires.
Non-conductivity and security. Another advantage o f optical fibers is their 
dielectric nature. Since optical fiber has no metallic components, it can be installed in 
areas with electromagnetic interference (EMI), including radio frequency 
interference (RFI). Areas with high EMI include utility lines, power-carrying lines, 
and railroad tracks. All-dielectric cables are also ideal for areas of high lightning- 
strike incidence.
The dielectric nature o f optical fiber makes it impossible to remotely detect the signal 
being transmitted within the cable. The only way to do so is by actually accessing the 
optical fiber itself. Accessing the fiber requires intervention that is easily detectable 
by security surveillance. These circumstances make fiber extremely attractive to 
governmental bodies, banks, and others with major security concerns.
1.1.4 Basic netw ork inform ation rates
Early applications o f fiber optical transmission links were largely for trunking of 
telephone lines. These were digital links consisting of time-division-multiplexed 64 
kb/s voice channels. In the North America, the fundamental rate is 1.544 Mb/s 
transmission rate known as T1 rate. It is formed by the time-division multiplexing of 
24 voice channels, each digitised at a 64 kb/s rate. Framing bits are added along with
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these voice channels to yield the 1.544 Mb/s bit stream. The multiplexed rates are 
designed as T1 (1.544 Mb/s), T2 (6.312 Mb/s), T3 (44.736 Mb/s) and T4 (274.176 
Mb/s). Similar hierarchies using different bit-rate levels are employed in Europe and 
Japan [4].
With the advent of high-capacity fiber optical transmission lines in the 1980s, service 
providers established a standard signal format called SONET (synchronous optical 
network) in North America and SDH (synchronous digital hierarchy) in other parts 
o f the world [4], These standards define a synchronous frame structure for sending 
multiplexed digital traffic over optical fiber trunk lines. Table 1-1 shows the 
commonly used SONET and SDH transmission rates.
SONET level Electrical level Line rate (Mb/s) SDH equivalent
OC-3 STS-3 155.52 STM-1
OC-12 STS-12 622.08 STM-4
OC-24 STS-24 1244.16 STM-8
OC-48 STS-48 2488.32 STM-16
OC-192 STS-192 9953.28 STM-64
Table 1-1. Commonlyused SONET and SDH transmission rates
1 . 2  F u n d a m e n t a l s  o f  r a d i o  c o m m u n ic a t io n s
1.2.1 Radio frequency spectrum
Radio frequency (RF) refers to any frequency within the electromagnetic spectrum 
associated with radio wave propagation. When an RF current is supplied to an 
antenna, an electromagnetic field is created that is able to propagate through space
[16][17].
When classified by frequencies, radio waves are expressed in kilohertz (KHz), 
megahertz (MHz) and gigahertz (GHz). RF signals range from extremely low 
frequency (ELF), to extremely high frequency (EHF). See Table 1-2 for the details of 
the radio frequency spectrum.
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Band name ITU
band
Frequency Wavelength Example uses
Extremely low 
frequency (ELF)
1 3-30 Hz 100,000 km 
-  10,000 km
Super low 
frequency (SLF)
2 30-300 Hz 10,000 km -  
1000 km
Ultra low frequency 
(ULF)
3 300-3000 Hz 1000 k m -  
100 km
Very low frequency 
(VLF)
4 3-30 kHz
ooo
Military
communication
Low frequency 
(LF)
5 30-300 kHz 10 k m -  1 
km
Navigation, time 
signals, AM long 
wave broadcasting
Medium Frequency 
(MF)
6 300-3000
kHz
1 k m - 100 
m
AM broadcasts
High Frequency 
(HF)
7 3-30 MHz 100 m — 10 
m
Short wave 
broadcasts and 
amateur radio
Very high 
frequency (VHF)
8 30-300 MHz 10 m -  1 m FM and television 
broadcasts
Ultra high 
frequency (UHF)
9 300-3000
MHz
1 m - 1 0 0  
mm
Television broadcasts
Super high 
frequency (SHF)
10 3-30 GHz 100 m m -  
10 mm
Microwave devices, 
mobile phones, 
wireless LAN
Extremely high 
frequency (EHF)
11 30—300 GHz 10 m m -  1 
mm
wireless
communications
T ab le  1-2. R ad io  freq u en cy  sp ec tru m
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1.2.2 Antenna
Antennas are required for launching RF signals within radio communication systems. 
Electrons accelerating in the antenna generate radio waves. The most basic antenna is 
called "a quarter wave vertical"; it is a quarter wavelength long and is a vertical 
radiator. Typical examples o f this type would be seen installed on motor vehicles for 
two-way communications. Technically the most basic antenna is an "isotropic 
radiator". This is an idea antemia that radiates in all directions, as does the light from 
a lamp bulb [18].
Depending upon how the antenna is orientated physically determines its polarisation. 
A vertical antenna is said to be "vertically polarised" while an antenna erected 
horizontally is said to be "horizontally polarised". Other specialized antennas exist 
with "cross polarisation", which have both vertical and horizontal components; and 
we can have "circular polarisation". Note that when a signal is transmitted at one 
polarisation but received at a different polarisation there exists a significant loss [19].
Antenna impedance is the ratio at any given point in the antenna of voltage to current 
at that point. Depending upon height above ground, the influence of surrounding 
objects and other factors, a quarter-wave antenna with a near perfect ground exhibits 
a nominal input impedance of around 36 ohms. A quarter wave antenna with 
drooping quarter wave radials exhibits nominal 50 ohms impedance, one reason for 
the existence o f 50-ohm coaxial cable [20], to ensure good matching.
A half wave dipole antenna is nominally 75 ohms input impedance while a half wave 
folded dipole antenna is nominally 300 ohms. The two previous examples indicate 
why we have 75-ohm coaxial cable and 300-ohm ribbon line for TV antennas.
1.2.3 Radio Wave propogation in free space
Radio propagation is a term used to explain how radio waves behave when they are 
transmitted, or are propagated from one point on the Earth to another.
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In free space, all electromagnetic waves (radio, X-rays, visual, etc) obey the inverse- 
square law which states that an electromagnetic wave's energy strength is 
proportional to l/(x2), where x is the distance from the source. Doubling the distance 
from a transmitter means the energy strength is reduced to a quarter, and so on.
Radio propagation on Earth is not only affected by the inverse-square model, but by 
a number o f other factors determined by its path from point to point. This path can be 
a direct line of sight path or an over-the-horizon path aided by reflection from the 
ionosphere. A variety o f phenomena make radio propagation more complex and 
somewhat unpredictable.
Before electromagnetic energy in the form of radio waves propagates outward from a 
transmitting antenna, the high frequency radio wave will be propagated inside the 
transmitter and the receiver with transmission lines. In the next sub-section, we will 
discuss the limitation about the traditional transmission media when they are used to 
transfer RF signals.
1.2.4 Lim itation of trad itional transm ission media - propagation phenomenon 
of trad itional transm ission lines
RF links serve important functions in many applications such as communications, 
signal processing and radar functions. However, at high frequencies, microwave 
signals transmitted over the coaxial cables experience extremely large attenuation [4], 
Thus using the traditional media for transmission o f microwave and millimeter wave 
signals is not feasible.
In wireless communication systems, transmission lines are essential components 
since they are employed to connect transmitters to receivers or antennas, acting as 
resonant elements in oscillators and filters, used for impedance matching in mixers 
and amplifiers, and so on.
Circuit analysis assumes that the electrical wavelengths are much bigger than the 
physical dimensions o f a network. Unfortunately, this condition is not fulfilled for 
microwave signals. Thus a transmission line has to be considered as a distributed-
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parameter network, where the magnitudes and phases of voltages and currents can 
change over the length o f the line. Here we will begin the analysis of transmission 
lines with a circuit model for an incremental length o f line.
Since transmission lines usually consist o f two parallel conductors, a transmission 
line may be schematically represented as a two-wire line. As shown in Figure 1-4, a 
short segment dx of transmission line is modeled as a lumped-element circuit. In this 
figure, the definition and unit o f R, L, G and C are as below:
R: series resistance per unit length, in Q/m.
G: shunt conductance per unit length, in S/m.
L: series inductance per unit length, in H/m.
C: shunt capacitance per unit length, in F/m.
R represents the resistance due to the finite conductivity of the conductors and L 
represents the total self-inductance o f the two conductors. G is the result of the 
dielectric loss in the material between the conductors and C is due to the close 
proximity of the two conductors. Hence, R and G represent loss.
dx
Figure 1-8: Lumped-element equivalent circuit of a transmission line
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T h e w a v e  equation for either V o ltag e  V o r C urrent / are  g iven  b e lo w : 
ci2V(x)
p - - r 2v v 0 = o ,  (i-D
clx~
^ -^ --r 2 i(X) = o , d -2)
ax'
w h ere  y  is the co m p lex  propagation  constant and it is exp ressed  as: 
y  -  a  + jP  =  yJ(R + j(oL)(G +  jcoC) , ( 1 - 3 )
in w hich  co represents the frequen cy, a  is  the attenuation constant and /? is the 
phase constant. T h is  exp ressio n  sh ow s that the attenuation constant a  is proportional 
to the frequ en cy co.
From  equation ( 1 )  and (2) w e  can obtain  trave llin g  w a v e  solutions:
7(*) “ T " e+"  ’ (1' 4)
c c
V( x)  =  V0+e~* + V 0-e+>x , ( 1 - 5 )
w h ere Z c is the im pedance o f  the propagation  line, V£e~rx represents forw ard 
solution  and K0" e +"  represents for the b ack w ard  solution .
L et us assu m e sin u so id a l s ig n a ls  are transm itted in the line , therefore, from  ( 1 -4 )  and 
( 1 - 5 )  w e  ge l the form ula for the input im pedance:
Z , + JZ M  
Z c + J Z ,  tan(/?/)
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w h ere  Z, is th e  im p ed an ce  o f  the  load.
If (31 « 1  then tan( /?/ )~0. In this case Z in ~ Z ; , which conducts the usual limit:
When I > /i /2 0  , we should take into account the propagation effect o f lines, while 
when I < A / 20, there is no need to consider it. From the above it can be seen that, 
when the transmission frequency approaches up to 5 GHz, 2mm is the maximum 
length for which conductors can be considered as simple connections!
After analyzing the propagation phenomenon through the traditional coaxial cables 
above, we know that the attenuation is proportional to the frequency, which imposes 
a bandwidth limit for high-speed electrical transmissions. On the other hand, optical 
fiber communications have shown up to overcome the drawbacks o f traditional 
electrical transmissions since with optical fiber the attenuation is only about 0.2 
dB/km and it is independent o f data rate. Thus it is o f interest to employ optical fiber 
for transmission RF signals since the optical fiber can handle higher and higher 
demands o f RF signal transmission.
1.2.5 In troduction  of cu rren t wireless standards
Wireless communications is entering a new phase where the focus is shifting from 
voice to multimedia services. Present consumers are no longer interested in the 
underlying technology; they simply need reliable and cost effective communication 
systems that can support anytime, anywhere, any media they want. The driving force 
for this development is the expected dramatic increase o f demand for broadband 
services over the next decade [19]. In 1990 the Institute o f Electrical and Electronics 
Engineers (IEEE) formed working group 802.11 to develop a standard to govern 
local area network (WLANs). Since then the standards for personal area networks 
(WPAN) and the wireless metropolitan area network (WMAN) have been added to 
the standard group. Since these standards are demanding higher and higher 
bandwidths, higher bandwidth media is demanded for new wireless services, hence
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there has been an increasing emphasis upon research on radio over fiber (RoF) 
technology over the past few years.
Here we introduce the latest IEEE standards of wireless access networks, including 
the WLAN, the WPAN and the WMAN. From these latest standards we can see the 
demand for higher and higher bandwidth, which may result in the need to transmit 
the RF data signals through optical fiber form central stations to remote sites.
IEEE 802.11: W ireless Local A rea Networks (WLAN) standard
The IEEE 802.11 Wireless local area network (WLAN) standard covers both the 
medium access control (MAC) sub-layer and the physical (PHY) layer o f the open 
system interconnection (OSI) network reference model. In 1997, IEEE provided 
three kinds o f options in the PHY layer, which are an infrared (IR) baseband PHY, a 
frequency hopping spread spectrum (FHSS) radio and a direct sequence spread 
spectrum (DSSS) radio. All these options support both 1 and 2Mbps PHY rates. In 
1999, the IEEE has developed two high rate extensions: (1) 802.1 lb  based on DSSS 
technology, with data rates up to 11Mbps in the 2.4GHz band, and (2) 802.11a, based 
on orthogonal frequency division multiplexing (OFDM) technology, with data rates 
up to 54Mbps in the 5GHz band. In 2003, the 802.1 lg  standard that extend the
802.1 lb  PHY layer to support data rates up to 54Mbps in the 2.4GHz band has been 
established. In addition, several other 802.11 standardization activities are ongoing.
802.1 lh  aims to enhance 802.1 la  with adding indoor and outdoor license regulations 
for the 5GHz band in Europe. The 802.1 In is a new task group that proposes a high- 
throughput amendment to the 802.11 standard. It will support at least 100Mbps rate, 
as measured at the interface between MAC and higher layers. It may choose 
multiple-input multiple-output (MIMO) antenna and adaptive OFDM as main PHY 
technologies. At the MAC sub-layer, 802.1 le will extend to enhance the quality of 
service (QoS) performance o f 802.11 WLAN. The 802.1 I f  defined an Inter-Access 
Point protocol to allow stations roaming between multi-vendor access points [20] 
[21].
IE E E  802.15: W ireless Personal Area Networks (WPAN) standard
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The IEEE 802.15 Working Group for Wireless Personal Area Networks (WPAN) 
was formed to develop standards for short-range wireless networks. This group is 
closely following the emerging industry specifications such as Bluetooth and Ultra 
wideband (UWB). Below the details o f Bluetooth and the UWB are described.
Bluetooth. Bluetooth is designed to operate in a noisy and potentially interfered 
radio frequency environment. It allows any sort o f electronic equipment - from 
computers and cell phones to keyboards and headphones - to make its own 
connections. In the ISM band (The Industrial, Scientific and Medical radio bands 
which originally reserved internationally for non-commercial use o f RF 
electromagnetic fields for industrial, scientific and medical purposes), a set of 79 hop 
carriers separated by 1 MHz has been defined. A binary Gaussian frequency shift 
keying (GFSK) modulation scheme is applied in order to reduce cost and device 
complexity and a symbol rate of 1 Mb/s can be achieved for an occupied bandwidth 
of about 1 MHz [22],
UWB. A UWB system transmits signal across a much wider frequency band than 
conventional systems. The bandwidth o f the UWB signal is at least 25% of the center 
frequency. Thus, a UWB signal centered at 2 GHz would have a minimum 
bandwidth o f 500 MHz, and the minimum bandwidth of a UWB signal centered at 4 
GHz would be 1 GHz. The most common technology for generating a UWB signal is 
to transmit pulses with durations less than 1 nanosecond [23], The UWB RF signals 
typically have short ranges in outdoor and indoor environments since the power level 
is regulated to -41 dBm/MHz across most part of the 3.1 to 10.6 GHz spectra. 
Although UWB is typically in short ranges, the RoF networks can distribute the RF 
signals into the rooms o f homes or offices [24],
IEEE 802.16: W ireless M etropolitan A rea netw ork (WMAN) standard
IEEE Standard 802.16 was for wireless metropolitan area network (WMAN). The 
standard was approved in 2001, addressing frequencies from 10 to 66 GHz, where 
extensive spectrum is currently available worldwide. A newer project completed an 
amendment denoted IEEE 802.16a at 2003. This document extended the air inter­
face support to lower frequencies in the 2-11 GHz band, including both licensed and
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license-exempt spectra. Compared to the higher frequencies, such spectra offer the 
opportunity to reach many more customers with less expense, although at generally 
lower data rates. It suggests that such services will be oriented toward individual 
homes or small to medium-sized enterprises [25],
802.16, the latest entry in the wireless networking technology pantheon, is an up and 
coming contender as a wireless alternative to digital subscriber lines (DSL), cable 
modems, leased lines, and other broadband network access technologies. Intel has 
already pledged to develop a silicon product based on the 802.16 standard, and it 
claims equipment based on its chips will have a range o f up to 30 miles and the 
ability to transfer data, voice, and video at speeds o f up to 70 Mbps.
1.2.6 RoF technology meets the dem and of increasing bandw idth
New wireless subscribers are signing up at an increasing rate demanding more 
capacity while the radio spectrum is limited. As a result, wideband radio links will 
become more prevalent in today's communication systems. In traditional systems, RF 
signals are transmitted and distributed electronically via electrical coaxial cables and 
waveguides. Nevertheless, due to the large attenuation o f these media, RF 
transmission encounters big problems at Super high frequencies and Extremely high 
frequency (as we already know, the wireless communication spectrum occupies from 
the SHF to the EHF).
On the other hand, it is well known that optical fibers have become pervasive in 
telecommunication systems, whether in traditional fixed line networks, or wireless 
networks o f the future. Although the two technologies are different, we can see how 
their individual advantages may be utilized as telecommunication network 
architectures evolve to merge the two. To satisfy the increasing demand of wireless 
spectrum, the high capacity o f optical networks should be integrated with the 
flexibility of radio networks.
RoF is a very effective technology for integrating wireless and optical access. It 
combines the two media; fiber optics and radio, and is a way to easily distribute
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broadband radio frequency signals over fiber. Large distances between the Base 
Station (BS) and the antenna sites are possible and the overall network topology can 
be cost-optimized beyond what is possible with traditional feeder cabling.
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1 . 3  C o n c l u s i o n
In this chapter, we introduced the fundamental o f  the optical fiber transmission and 
the radio frequency transmission, discussed their advantages and disadvantages. 
Then, the introduction about the wireless communication is presented.
Since the wireless subscribers are signing up at an increasing rate, and (he service is 
shifting from voice to video, the demand for bandwidth keeps rising. Radio over 
Fiber (RoF) technology should be important for the distribution of high capacity data 
signal. This kind o f RoF system provides good synergy between optics and radio. 
Furthermore, it is an efficient means for these two seemingly disparate technologies 
to merge. In the following chapter, we will introduce the RoF systems and the 
components used in these systems in detail, and discuss the benefits o f RoF systems.
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Overview of Radio over Fiber distribution
networks
C h a p t e r  2
24
In this chapter, we examine the main radio over fiber (RoF) techniques and their 
applications. First, an introduction o f RoF is given, followed by a detailed 
description of the components (oscillators, transmitters and receivers) used in the 
RoF systems. In the third section, the modulation techniques are presented. Then we 
introduce the efforts to overcome chromatic dispersion effects in RoF transmission 
systems. The fifth section shows the use of advanced techniques in RoF systems. 
Finally, we end with the emerging applications of RoF technology.
2 .1  W h a t  is  R o F  t e c h n o lo g y
The concept of Radio over Fiber (RoF) means to transport information over optical 
fibre by modulating the light with the radio signal. It is a technology used to 
distribute RF signals over analog optical links [1], This modulation can be done 
directly with the radio signal or at an intermediate frequency. RoF is the integration 
o f wireless and optical networks and it is a potential solution for increasing capacity 
and mobility as well as decreasing costs in the access network. It offers the 
advantages of low loss, huge bandwidth, high security, and immunity to 
electromagnetic interference. The RoF systems are expected to use frequencies 
ranging from around 2.5 GHz up to 60 GHz. Frequencies from 18 GHz and above 
are especially attractive for high capacity networks due to the large bandwidth 
available for data transfer.
In such RoF systems, broadband microwave data signals are modulated onto an 
optical carrier at a central location, and then transported to remote sites using optical 
fiber. The base-stations then transmit the RF signals over small areas using 
microwave antennas [2], In addition, since it enables the generation o f millimetre- 
wave signals with excellent properties, and makes effective use o f the broad 
bandwidth and low transmission loss characteristics o f optical fibers, it is a very 
attractive, cost-effective and flexible system configuration.
RoF can be used in the backbone o f a wireless access network. Such a technology is 
expected to play an important role in present and future wireless networks since it 
provides an end user with a truly broadband access to the network while
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guaranteeing the increasing requirement for mobility. By using this technology, the 
capacity o f optical networks can be combined with the flexibility and mobility of 
wireless access networks. RoF systems shift the system complexity away from the 
remote base station antenna and toward a centralized radio signal processing 
installation. In a RoF link, laser light is modulated by a radio signal and transported 
over an optical fiber medium. The modulation may occur at the radio signal 
frequency or at some intermediate frequency if frequency conversion is utilized.
The RoF technology enables the generation o f millimetre-wave signals with 
excellent properties. Those signals can easily be distributed via optical fibers, since a 
major advantage o f a RoF system is its low transmission loss rate, especially for long 
distance and at high frequencies [2], For optical fiber communications, the low 
attenuation windows at 1.3 um and 1.55 urn have bandwidths around 0.1 um. If these 
optical bandwidths are converted to frequency range, it is approximately equivalent 
to a total bandwidth of 30000 GHz [3].
The basic configuration o f an analog fiber optic link consists o f a bi-directional 
interface containing the analog laser transmitter and photodiode receiver located at a 
base station or remote antenna unit, paired with an analog laser transmitter and 
photodiode receiver located at a radio processing unit. One or more optical fibers 
connect the remote antenna unit to the central processing location.
As shown in Figure 2-1, future millimeter wave access networks are likely to employ 
an architecture in which signals are generated at a central control station and then 
distributed to remote sites using single-mode optical fibers. Signals are generated at a 
central control station and then distributed to remote sites using single-mode optical 
fibers. The control station, which can feed many remote sites, is responsible for 
optical-electrical (o/e) and electrical-optical (e/o) conversions, as well as up- 
conversion, down-conversion, and processing o f the electrical data signals. At the 
remote sites, only o/e and e/o converters are employed; the o/e converters convert 
optical signals received from the control station to RF signals and then forward them 
using the antennas to the end users; the e/o converters convert the RF signals from 
the antennas to optical signals that are then transmitted to the control station. Such an 
architecture should prove to be highly cost efficient, since it allows sharing the
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transmission and processing equipments (located in the central control station) 
between many remote sites [4].
Note that the RoF system is an analog transmission system since it distributes the RF 
data signals directly on an optical carrier. But the radio system itself may be digital 
because the radio carrier can be modulated with digital modulation schemes to carry 
digital signals, such as phase shift keying (PSK), quadrature amplitude modulation
(QAM) and code division multiple access (CDMA) [5],
Figure 2-1: A basic RoF system structure
2 . 2  C o m p o n e n t s  in  R o F  t r a n s m i s s i o n  s y s t e m s  -  o s c i l l a t o r s ,  
t r a n s m i t t e r s  a n d  r e c e i v e r s
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Oscillators, transmitters and receivers are three important components in the RoF 
distribution system, since they can build the basic point-to-point structures as the 
media for the data transmissions.
2.2.1 Oscillators
High quality RF oscillators play an important role in RoF systems providing 
reference signals to establish or select particular transmission channels. 
Unfortunately, traditional electronic RF oscillators cannot meet all the requirements 
o f RoF systems since these systems involve RF signals in both optical and electrical 
domains. Note that the definition o f optical domain RF signal is an optical wave 
modulated by a signal at RF, or an optical sub-carrier at RF.
Opto-electronic oscillator (OEO) is an alternative class o f oscillators compared with 
traditional electronic RF oscillators since it meets the special requirements for RoF 
systems by generating RF signals in both optical and electrical domains [6]. The 
most common OEO is an active feedback loop in the form of a single loop oscillator 
based on converting the continuous light energy from a pump laser to stable and 
spectrally pure RF signals [7], The OEO is characterized by significantly low noise 
and very high stability, as well as other functional characteristics that are not 
achieved with the electronic oscillator.
2.2.2 Optical transm itters
As for optical transmitters, we are primarily interested in injection laser diodes 
(ILD). ILD’s output is coherent and highly monochromatic, and these devices can 
have modulation bandwidths up to 40 GHz [8], The common commercially used 
laser diodes include Fabry-Perot (FP) lasers, distributed feedback (DFB) lasers and 
surface emitting lasers (SEL) [3].
On the other hand, wavelength tunable transmitters, which can change their output 
wavelengths based on the driving currents or temperatures, are attracting more and 
more attention. Figure 2-2 shows a star access network set up by a tunable 
transmitter. In the configuration o f this star network, each remote site has a fixed
2 8
optical filter to select out the wavelength channel destined for it, and the central 
control station would require a tunable transmitter that can generate N wavelengths 
(where N is the number o f the remote sites).
Clearly the use o f wavelength tunable transmitters at central locations is very 
beneficial in simplifying the overall RoF networks and reducing the component 
requirements at the central control locations. Depending on the capacity requirements 
at any specific time at each remote site, the tunable transmitters could be configured 
to allocate the dynamically available bandwidth between the different remote sites. 
We anticipate that an architecture o f this type would make network upgrade far 
easier than a system in which one transmitter with fixed wavelength at the central 
station is shared in a time division multiple access protocol between network remote 
sites.
Remote Site
T u n a
C o r
Remote Site
i
Remote Site
Figure 2-2: Basic structure of a RoF system
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2.2.3 Optical receivers
Generally, an optical receiver consists of an optical detector, usually a photodiode, 
and an amplifier. The main requirements for the receiver are that it should convert 
the optical signals to electrical signals efficiently [3], In the digital applications, the 
developments of these detectors have evolved around on-off operations. For analog 
applications, these detectors have to incorporate additional design to ensure high 
linear dynamic range operation that is essential for the requirement o f low distortion.
The characteristic 3-dB cut-off frequency of an optical detector is very important for 
many analog and digital applications. Notice that the characteristic 3-dB cut-off 
frequency can vary with optical power in some structures. In the worst case it can be 
greatly reduced at high power [2],
We know that the quality o f the detected signals can be degraded due to the presence 
of noise. Noise can arise at the transmitter, at the electrical and optical amplifiers, 
and at the receiver. The addition o f noise degrades the signal-to-noise ratio, and 
ultimately limits the performance of receivers [9]. Recently, great attention has been 
paid to ensure maximum signal-to-noise ration over a wide range of the detectors’ 
internal resistances [10].
2 . 3  M o d u l a t i o n  t e c h n iq u e s  u s e d  in  R o F  d i s t r i b u t io n
s y s t e m s
Modulation is the process of translating an outgoing data stream into a form suitable 
for transmission on the physical medium. In RoF distribution systems, two types of 
modulation techniques have been developed to modulate data signals onto the optical 
carrier, which are direct modulation and external modulation. Direct modulation is 
the most commonly used method, primarily because it is less expensive and simpler. 
However, the useful bandwidth o f direct modulation is limited by the laser relaxation 
resonance. We call the frequency before the laser gets stabilized the relaxation 
oscillation frequency. Many solid-state lasers exhibit relaxation oscillations. As a 
result, the laser output power oscillates with large amplitude in general either when
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the laser is first turned on, or when the laser is suddenly perturbed. Relaxation 
oscillations are caused by interplay between the inversion of the electronic 
occupation and the intra-cavity signal and pump power.
For the commercially available laser diodes under free-running operation, the cut-off 
frequencies are usually about 10 GHz, which means that we are normally unable to 
use higher frequency RF carriers in order to generate high-frequency carrier signal 
[11]. Another problem with direct modulation of the laser transmitter with the RF 
data signal is that a change in the laser current also results in a change in the optical 
frequency, which is called chirping, resulting in frequency modulation on the 
intensity modulation. This can cause problems for transmission of the optical RF data 
signals over fiber.
On the other hand, in externally modulated systems, the intensity modulation of an 
optical carrier is obtained via a modulator connected in series with the laser. 
Compared with directly modulated laser links, the major advantages of external
modulation links include higher speed, higher efficiency, and lower chirp.
A n a lo g  in p u t
Figure 2-3: IM-DD transmission system (external modulation)
If the optical detector employs direct detection, this type o f link is referred to as 
intensity modulated direct detection (IM-DD), which is the simplest and most cost- 
effective o f the available link types. The optical communication systems based on 
IM-DD are very popular [12]. Figure 2-3 shows the basic structure of an IM-DD 
transmission system (external modulation).
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For the IM-DD system shown in Figure 2-3, if  we assume s(t) denote the analog 
signal to be transmitted, the optical power at the output of the intensity modulator is
[3]:
rn = r j i  + m s(t)), (2-1)
where Pm is the mean optical power and m is the modulation depth.
Two types of external modulators have been extensively studied: Mach-Zehnder 
(MZ) modulators and electroabsoiption (EA) modulators. They are important 
components for RoF systems because o f the maturity of the related technologies. 
Below we will describe these two modulators in more detail.
2.3.1 Mach-Zehnder (MZ) modulator
The MZ modulator has been in wide use for both analog and long-distance digital 
applications at this time. Specially, LiNbC>3 MZ modulators are widely used because 
they are relatively tolerant to fabrication errors and can be optimised for low or high
frequencies [13], The simplest form of the LiNbOi MZ modulator is shown in Figure 
2-4 [2],
Figure 2-4: Mach-Zehnder (MZ) modulator
As shown in Figure 2-4, the MZ modulator basically consists of two Y junctions. 
The first one splits the incoming signals into two arms and one o f the arms runs
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between two electrodes. The modulating signal is applied to the electrodes and 
generates a changing electrical field, changing the refractive index so that the phase 
o f the light passing through the modulation arm will be varied. Hence the phase 
modulation is converted into intensity modulation after combining the light from 
both arms of the MZ modulator using the second Y junction.
Note that the total phase difference between the arms will influence the output 
power. If  the lights from the two arms are in phase, they add to form the fundamental 
mode, thus the output power is at the maximum level. If  the lights from the two arms 
are out o f phase, they add in the output Y-branch to form the second order mode. 
This mode is not guided by the single mode output waveguide, so the power is 
radiated into the substrate and the output power is at the minimum level [2].
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Figure 2-5: DC-bias voltage vs. optical power of a 10 Gb/s MZ modulator
Advanced designs can have two electrode pairs. Hence the two arms can be modified 
by different signals independently, thus amplitude and phase can be modulated 
separately in a MZ modulator [14].
33
More advanced and complicated devices based on MZ modulator also exist, e.g. 
multi-channel array-type polymeric MZ modulators [15], which can be suitable for
wavelength division multiplexing (WDM) networks.
In Figure 2-5 we present the transfer characteristic (DC-bias voltage vs. optical 
power curves) for a typical OC192 10 Gb/s MZ modulator.
2.3.2 E lectroabsorption (EA) m odulator
The EA modulators are intensity modulators like the MZ modulators, but they work 
on EA effect instead. The EA effect means the optical absorption coefficient changes 
according to the electric field. In an EA modulator, an applied electric field shifts the 
absorption band edge in such a way that the material becomes opaque to the light at 
the wavelength o f interest. Hence an EA modulator is a semiconductor optical 
waveguide device in which the degree o f optical absorption can be controlled by an 
applied voltage, and it can only be built in a semiconductor material [2], It is the 
modulator o f choice for medium speed. Therefore EA modulators have emerged as a 
viable analog modulator also.
An EA modulator typically consists o f a multimode waveguide that contains the 
multiple quantum well (MQW) structures. It is shown in Figure 2-6 a typical 
waveguide structure for EA modulators. The waveguide mode is propagating in the 
z-direction. At its input and output, the waveguide is coupled to single mode fibers. 
Note that the MQW region is the only undoped region shown as the “z” region in 
figure 2-6; other semiconductor layers are either p  or n doped. A DC bias electric 
field and a superposed RF electric field are applied to the MQW layers in the x- 
direction. Since the formation o f electron-hole pairs in the quantum well enhances 
the optical absorption effect, as the electrical field increases, the overlap o f the 
electron and hole wave functions is reduced; thereby decreasing the optical output 
power [2].
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AFigure 2-6: The basic structure of an EA MQW modulator
The primary advantages o f the EA modulators compared with the MZ modulators in 
RoF systems are their compactness and their integrability with lasers [16]. We know 
that EA modulators are typically less than 1mm long, while MZ modulators are 
normally centimeters long.
Note that the nonlinearity o f a modulator can cause distortions and reduce the 
dynamic range o f a RoF system. In a MZ modulator, the transfer curve is a sinusoidal 
function and is relatively independent of the input optical and RF signal power. 
Therefore, the dynamic range can be improved by linearization technologies. 
Unfortunately, an EA modulator has a nonlinear transfer function that is strongly 
dependent on input optical wavelength and power, which makes linearization fairly 
difficult and limits the dynamic range of the RoF systems using EA modualtors [17].
In Figure 2-7, we present the transfer characteristic (DC-bias voltage vs. optical 
power curves) o f a typical EA modulator. The transfer characteristic o f a MZ
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modulator is different; the output optical power increases when the input DC bias 
voltage becomes higher.
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Figure 2-7: DC-bias voltage vs. optical power of an EA modulator
2 . 4  C h r o m a t i c  d i s p e r s io n  e f f e c t s  o n  t h e  t r a n s m i s s i o n  o f  
R o F  s ig n a l s
After the generation of the optical RF data signal at the transmitter of a RoF system, 
it is then necessary to transmit the signal over fiber to the remote antenna site. The 
main problem encountering during transmission of the RF data signal over fiber is 
due to the chromatic dispersion of the fiber. Chromatic dispersion (CD) is the 
broadening of an input optical signal as it travels along the length of the fiber [18]. It 
is important to consider group delay before an explanation of CD because o f their 
mathematical relationship. Group delay is defined as the first derivative of optical 
phase with respect to optical frequency while chromatic dispersion is defined as the
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second derivative of optical phase with respect to optical frequency. These quantities 
are represented as follows:
Group Delay = ,
dco
^2 /
Chromatic Dispersion = ——- .
"  d a 2
Where <f> presents the optical phase and co is the optical frequency.
Figure 2-8: The optical spectrum of double sideband
CD consists o f both material dispersion and waveguide dispersion. Both o f these 
phenomena occur because different wavelengths will propagate at different speeds 
along the length of the fiber.
In conventional intensity modulation to generate optical RF data signals, the optical 
carrier is modulated to generate an optical signal with double sideband (DSB) [19]. 
Let us assume the frequency of the optical carrier is fO and the frequency of the RF’ 
signal that needs to be modulated onto the optical carrier is f l, the optical spectrum 
o f the DSB signals is displayed in Figure 2-8. However, if  the signals are transmitted
(2-2)
(2-3)
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over the fiber, CD causes each sideband to experience different phase shifts 
depending on the fiber-link distance and modulation frequency, producing a phase 
difference between the two beat signals generated at the detector. When the phase 
difference is n, the RF signals will be completely cancelled out. As the RF frequency 
or fiber-link distance increases, this effect is even more severe and limits the system 
performance [18].
Figure 2-9: The optical spectrum of single sideband
Since CD makes upper and lower sidebands experience different phase shift, it is a 
critical problem for RF transmission. It has been shown that this phenomenon can 
significantly limit the transmission distance in IM-DD link operated above 20GHz. 
For example, in an externally modulated fiber link operated at 20 GHz, the detected 
RF power degrades 3 dB for a distance of 6 km; while operated at 60 GHz, the 
detected power degrades 3 dB for only 0.7 km [20]. At 60GHz, with a standard 
single-mode fiber o f dispersion 18 ps/km.nm, a 1 dB penalty is induced after less 
than 500m transmissions, and the received signal is completed extinct after 1 km 
[21].
CD effects can be reduced and almost totally overcome in RoF systems by 
eliminating one sideband to produce an optical carrier with single sideband (SSB) 
modulation [22], which is called optical single sideband (OSSB) transmission. See
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Figure 2-9 for the optical spectrum o f the SSB by eliminating the lower sideband. 
Therefore, transmission o f the optical carrier and just one o f the sidebands prevents 
interference and the associated RF power fading. There have been multiple 
technologies to implement the OSSB transmission. They can be classified into two 
categories: OSSB modulation methods and filtering methods. These methods make 
use o f Mach-Zehnder modulators [23][24], semiconductor optical amplifiers (SOA)
[25], fixed fiber Bragg gratings [26] and wavelength-self-tunable single-sideband 
filters [27] separately. Table 2-1 shows the classification of these techniques and the 
details o f them are described below.
OSSB modulation methods Filtering methods
Employing Mach- 
Zehnder modulators
Employing 
Semiconductor 
Optical Amplifier
Employing Fixed 
Fiber Bragg 
Grating
Employing 
Wavelength-self- 
tunable single­
sideband filter
Table 2-1. Techniques to implement OSSB transmission
2.4.1 Em ploying M ach-Z ehnder m odulators
OSSB generation can be achieved by using an external modulator with a negative 
chirp. The simplest design is based on a dual-electrode MZ modulator. As we already 
knew, it has two electrodes that can be independently driven so as to vary the chirp 
parameter o f the modulator. When both arms are modulated and the RF phase 
difference on the two arms is n  12, one sideband can be cancelled out to generate 
only one sideband and a carrier [23].
The main drawback of these OSSB modulators is that they rely on nonstandard 
designs; hence, their deployment could lead to cost or availability limitations. On the 
contrary, it would be highly desirable to implement OSSB modulation using the 
simple single-electrode MZ modulator. This technique is based on the application of 
a novel concept o f bi-directional operation of traveling-wave electro-optic 
modulators (EOM) [24], Furthermore, it provides suppression o f the optical carrier
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when the modulator is biased for minimum transmission; hence enhancing the optical 
modulation depth.
2.4.2 Employing Sem iconductor optical amplifiers (SOA)
Another way to overcome the CD problem is to use semiconductor optical amplifiers 
(SOA). In SOA, the phase modulation occurs by a variation of the carrier density due 
to the change of optical power. This scheme uses the phase modulation effect in a 
SOA which results n  12 phase difference between the amplitude and phase terms of 
modulated optical signals [25], It is relatively simple to implement, as it requires 
only a SOA and an electrical phase shifter. And this method provides signal 
amplification as SOA inherently functions as an amplifier and can be implemented as 
an integrated device [25].
2.4.3 Employing Fixed fiber Bragg gratings
In RoF incorporating WDM / sub-carrier multiplexing (SCM) star networks, 
microwave data signals are modulated onto various optical carriers at a central 
control station, and then distributed to remote sites using optical fibers. In such a 
system, one optical filter at every remote site will be required to select one of the 
wavelength channels carrying a specific SCM data signal. Experiments showed that, 
although the optical signals are DSB, the correct positioning of a Bragg filter at the 
receiver base-station could not only select one of the wavelength channels, but also 
eliminate one of the si debands [26].
2.4.4 Employing W avelength-self-tunable single-sideband filters
Because the fixed filter has to be critically tuned to the optical carrier frequency, a 
solution to this limitation has been proposed in the form of self-tunable filters. The 
self-tunable filter is a wavelength-indepent OSSB filter and it relies on the photo 
refractive effect in an iron-doped indium phosphide (InP: Fe) crystal [27].
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The principle of the device is to take a part of an optical double sideband (ODSB) 
signal to generate three dynamic Bragg gratings inside the bulk crystal via the 
photorefractive effect, note that these Bragg gratings can diffract independently of 
the carrier and one sideband. Simultaneously, the second part o f the ODSB signal is 
injected into the gratings under the appropriate Bragg angle whose value is dictated 
by the modulation frequency, hence the operating frequency is set to the desired 
millimeter-wave value by simply adjusting the signal injection angle. In this way, 
two Bragg conditions are reached that lead to the diffraction o f an OSSB signal made 
up of the carrier and the lower sideband o f the input signal [27],
2 . 5  A d v a n c e d  t r a n s m i s s i o n  t e c h n iq u e s  in  R o F  s y s t e m s
2.5.1 W DM  technique
WDM is a high-speed digital communication technique that simultaneously 
transports optical signals of different wavelengths over a single strand of fiber. 
WDM creates different channels by dividing a frequency band into smaller bands. In 
the commonly used 1550nm wavelength area, when the frequency difference is 
100GHz, the wavelength difference is about 0.8 nm. The latest version of WDM, 
Dense WDM (DWDM), achieves higher capacity by dividing a wavelength-band 
into even more channels. Note that ultra-dense WDM with the channel spacing 
comparable to the data rate is commonly referred to as optical frequency-division 
multiplexing (OFDM).
The capability to deal with the large amount o f data capacity o f the WDM/DWDM 
transmission technique can be applied to the millimeter-wave RoF systems [28], 
With the use of WDM/DWDM method in RoF systems, a different wavelength 
channel may be employed to feed each remote site, which offers a number of 
advantages in terms o f simplified upgrade and management o f the radio networks 
[29],
2.5.2 SCM technique
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Optical SCM is a modulation scheme where multiple signals are multiplexed in the 
RF domain and transmitted on a single optical carrier [30]. This technique is 
basically a radio-frequency multiplexing technique that implies a second level of 
multiplexing: the spectrum is divided into bands/channels with a central carrier or 
frequency, which are also divided in sub-bands/sub-channels with its corresponding 
sub-carriers. One attractive feature o f SCM is that it provides a way of exploiting the 
huge bandwidth potential of high-speed lasers using conventional and established 
microwave techniques. And SCM may act as a means o f realising simple and 
economical multi-channel systems that have the ability to support a wide range of 
analog and digital services; hence it has found widespread applications.
channel 1
fs1
fs2
channel
Figure 2-10: Sub-carrier multiplexing (SCM) system
Figure 2-10 illustrates the example block diagram of a SCM system. In this system 
we have two SCM signals modulated to an optical wave at the frequency fO. The 
optical spectrum of this system is shown in Figure 2-11.
WDM combined with SCM is a practical and attractive way to increase the channel 
capacity in existing optical fibers [31]. Since SCM systems can be combined with 
WDM/DWDM networks, it provides a flexible platform for high-speed optical 
transport networks to utilize the bandwidth of single-mode fibers [32],
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Figure 2-11: The optical spectrum of sub-carrier multiplexing (SCM)
2.5.3 W avelength interleaving m ethod
Because the bandwidths o f the subcarrier-multiplexed signals are much narrower 
than the carrier frequencies [33], it is difficult to fully utilize the optical spectra in 
WDM/SCM RoF systems. Hence Wavelength interleaving is a promising scheme to 
increase the optical spectral efficiency in RoF systems.
In a wavelength-interleaved RoF system, the multiple WDM channels and their 
corresponding OSSB are multiplexed together via a wavelength-interleaved 
multiplexer (WI-MUX). In this way, wavelength interleaving allows spacing less 
than twice the highest modulation frequency for every channel. The interleaved 
channels are then optically transported to the antenna remote site and the remote site 
selects the desired optical carrier and the corresponding sideband using a 
wavelength-interleaved optical add-drop multiplexer (WI-OADM) [34].
Wavelength interleaving allows an optical network to achieve a spectral efficiency 
greater than what can be obtained with standard WDM channel spacing of 50, 100 or 
200 GHz. But we should note that, in a RoF system using small channel spacing, the
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r i s k  o f  i n t e r f e r e n c e  i s  h i g h ,  t h u s  a  s h a r p  c u t - o f f  o f  t h e  d e m u l t i p l e x i n g  f i l t e r  i s  a  
r e q u i r e m e n t  [ 3 5 ] .
2 . 6  R o F  a p p l i c a t i o n s
R o F  t e c h n o l o g y  h a s  b e e n  s u c c e s s f u l l y  d e m o n s t r a t e d  i n  a  v a r i e t y  o f  a p p l i c a t i o n s ,  
e s p e c i a l l y  i n  w i r e l e s s  a c c e s s  n e t w o r k s .  I t  i s  w e l l  k n o w n  t h a t  b r o a d b a n d  w i r e l e s s  
a c c e s s  i s  r e g a r d e d  a s  o n e  p r o m i s i n g  t e c h n o l o g y  t o  a c h i e v e  b r o a d b a n d  m u l t i m e d i a  
s e r v i c e s .  A s  t h e  d e m a n d  f o r  b r o a d b a n d  s e r v i c e s  s u c h  a s  v i d e o / a u d i o  o n  d e m a n d  a n d  
m o b i l e  c o m p u t i n g  i n c r e a s e s ,  s o  d o e s  t h e  n e e d  t o  d e v e l o p  h i g h  b a n d w i d t h  w i r e l e s s  
a c c e s s  n e t w o r k s .  T h e r e f o r e ,  n e x t  g e n e r a t i o n  w i r e l e s s  a c c e s s  s y s t e m s  s h o u l d  o p e r a t e  
i n  t h e  h i g h  f r e q u e n c y  b a n d .  T h o s e  f u t u r e  n e t w o r k s  a r e  l i k e l y  t o  u s e  m i c r o w a v e  
r a d i o s ,  o p e r a t i n g  a t  f r e q u e n c i e s  f r o m  1 0  G H z  u p  t o  1 0 0  G H z  a s  t h e  a c c e s s  m e d i a .  I n  
o r d e r  t o  d e v e l o p  t h i s  t y p e  o f  n e t w o r k  i t  i s  a n t i c i p a t e d  t h a t  o p t i c a l  f i b e r s  w i l l  b e  
r e q u i r e d  f o r  d i s t r i b u t i n g  t h e  m i c r o w a v e  d a t a  s i g n a l s  f r o m  a  c e n t r a l  c o n t r o l  s t a t i o n  t o  
t h e  r e m o t e  s i t e s .
R o F  t e c h n o l o g y  c a n  b e  i m p l e m e n t e d  w i t h  a l l  t y p e s  o f  w i r e l e s s  n e t w o r k  a p p l i c a t i o n s  
c u r r e n t l y  i n  u s e ,  s u c h  a s  w i r e l e s s  p e r s o n a l  a r e a  n e t w o r k  ( W P A N ) ,  w i r e l e s s  l o c a l  a r e a  
n e t w o r k  ( W L A N )  a n d  w i r e l e s s  m e t r o p o l i t a n  a r e a  n e t w o r k  ( W M A N ) .  F o r  t h e s e  
w i r e l e s s  n e t w o r k s ,  g e n e r a l l y  t h e  b a s i c  o p t i c a l  t r u n k  t o p o l o g y  c a n  b e  s t a r ,  r i n g  o r  
m e s h  n e t w o r k s .
S i n c e  t h e  b a n d w i d t h s  o f  o p t i c a l  f i b e r s  a r e  i m m e n s e ,  a n d  t h e  o p t i c a l  t e c h n i q u e s  o f  
W D M / D W D M  a r e  w e l l  e v o l v e d ,  o n e  f i b e r  c a n  s e r v e  v e r y  d i f f e r e n t  s e r v i c e s  
s i m u l t a n e o u s l y  a n d  t h e s e  d i f f e r e n t  s e r v i c e s  c a n  b e  t r a n s m i t t e d  v i a  d i f f e r e n t  
w a v e l e n g t h s .  O n  t h e  o t h e r  h a n d ,  t h e  d a t a  g e n e r a t e d  b y  t h o s e  s e r v i c e s  a n d  d e p e n d e n t  
o n  t h e i r  o r i g i n s  ( m o b i l e  o r  f i x e d  w i r e l e s s  a c c e s s  n e t w o r k s )  a n d  f o r m a t s  ( n a r r o w b a n d  
o r  b r o a d b a n d ) ,  w o u l d  b e  c o n v e r t e d  o n  d i f f e r e n t  R F  c a r r i e r s .  T h u s  R o F  c a n  b e  
r e g a r d e d  a n d  a p p l i e d  a s  a  t r a n s f e r  n e t w o r k  o f  u n i v e r s a l  u s e .
I n  F i g u r e  2 - 1 2 ,  a  m u l t i - s e r v i c e  s y s t e m  i s  s c h e m a t i c a l l y  s h o w n  i n  w h i c h  t h e  o p t i c a l  
t r u n k  n e t w o r k  m a y  b e  a  s t a r ,  r i n g  o r  m e s h  n e t w o r k .  T h i s  R o F  n e t w o r k  t h u s  s e r v e s  
d i f f e r e n t  k i n d s  o f  w i r e l e s s  a c c e s s  a p p l i c a t i o n s  b a s e d  o n  t h e  d i f f e r e n t  d e m a n d s  f o r  t h e
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bandwidths, distances and power supplies. We demonstrated in this figure a multi­
service RoF network, which is composed of a WAPN, a WLAN and a WMAN.
In a hybrid radio/fiber network, the transfer is realized via RoF technology. The ideal 
physical layer should be composed o f two sub-layers: conventional wireless sub­
layer and the optical sub-layer. The optical sub-layer would be a transparent layer 
positioned below the wireless sub-layer, and one fiber-based network example is 
Passive Optical Networks (PON). As such it would operate transparently with both 
current and future wireless standards [36].
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Figure 2-12: A multi-service RoF network
On the other hand, since there have been a lot o f copper cables already set up in 
current communication networks, a transitional measure of RoF is to utilize some of 
the existing cables by the combination o f the optical fibers and the cables - Hybrid 
Fiber Cable (HFC). HFC is to replace the long cascade cable trunks with optical 
fibers and keep the residential area cables. This technique can be established to be a 
competitive means to support wide varieties o f narrowband and broadband services 
to residential users [37]. Narrowband applications include high-speed data, 
telephone, and interactive video services and broadband applications include 
broadcasting multi-channel digital TV in HFC networks [2],
One example o f HFC-based applications is Hybrid Coax Air (HCA) radio channel. It 
provides low cost networks for distribution o f RF signals, and is introduced in 
relation to wireless applications [38]. In order to simplify the wireless systems, the 
authors in [38] propose to build hybrid networks that provide wireless access by 
carrying signals over the existing Community Antenna Television (CATV) 
infrastructure implemented at the HFC architecture. With this structure, the IEEE 
802.11 WLAN signals [39] are coupled together with CATV data and transmitted 
using optical fiber from the CATV centre to optical nodes. At these optical nodes 
they are launched into the coaxial cables and sent to antennas where they are 
forwarded over the air to the end users.
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2 . 7  C o n c l u s i o n
Future communication expectations are very likely to expand their optical fiber 
infrastructures more and more into the wireless access networks. RoF transmission 
systems, characterised by having elements o f free-space radios and optical fibers, are 
expected to find an increasing role in telecommunication networks over the next 
decade, due to their abilities to provide operational benefits in a variety of 
applications such as a wireless periphery to an optical fiber network infrastructure.
Since the broadband wireless access is regarded as an excellent technology to 
combine with the RoF technology to build the next generation RF networks, in the 
preceding sections, we have provided a comprehensive up-to-date survey of RoF 
technology. In this chapter, a brief explanation on the technical background for 
understanding how RoF systems are implemented - starting from components and 
ending with applications - were described.
47
2 . 8  R e f e r e n c e s
[1] http://maceachem.carleton.ca/optoResearch.html.
[2] William S.C. Chang; “RF photonic Technology in optical fiber links.” Cambridge 
University Press, 2002.
[3] B.Wilson, Z. Ghassemlooy and I. Darwazeh; “Analog Optical Fibre 
communications.” London: IEE Press, 1995.
[4] Kaszubowska, A.; Anandarajah, P.; Barry, L.P.; “Generation o f optical 
microwave signals using laser diodes with enhanced modulation response for hybrid 
radio/fiber systems” Transparent Optical Networks, 2001. Proceedings o f 2001 3rd 
International Conference on, 18-21 June 2001, Pages: 271 -  274.
[5] Marozsak, T.; Kovacs, A.; Udvary, E. and Berceli, T.; “Direct modulated lasers 
in radio over fiber applications.” Microwave Photonics, 2002. International Topical 
Meeting on, 5-8 Nov. 2002, Pages: 129 -  132.
[6] Yao, X.S. and Maleki, L.; “Optoelectronic oscillator for photonic systems.” 
Quantum Electronics, IEEE Journal of, Volume: 32, Issue: 7, July 1996, Pages: 1141
1149.
[7] Eliyahu, D. and Maleki, L.; ’’Low phase noise and spurious level in multi-loop 
opto-electronic oscillators.” Frequency Control Sympposium and PDA Exhibition 
Jointly with the 17th European Frequency and Time Forum, 2003. Proceedings o f the 
2003 IEEE International, 4-8 May 2003, Pages: 405 -  410.
[8] G. Keiser; “optical fiber communications.” McGraw-Hill, Inc, 1991.
[9] Yang, B.; Schaub, J.D.; Csutak, S.M.; Rogers, D.L. and Campbell, J.C.; “10-Gb/s 
all-silicon optical receiver.” Photonics Technology Letters, IEEE, Volume: 15, Issue: 
5, May 2003, Pages: 745 -  747.
[10] Bielecki, Z.; Kolosowski, W.; Sedek, E. and Borejko, M.; “Analysis o f signal- 
to-noise ratio in optical receivers.” Telecommunications in Modem Satellite, Cable 
and Broadcasting Service, 2003. TELSIKS 2003. 6th International Conference on, 
Volume: 1, 1-3 Oct. 2003, Pages: 71 - 74 vol.l.
[11] Kaszubowska, A., Anandarajah, P. and Barry, L.P.; “Improved performance o f a 
hybrid radio/fiber system using a directly modulated laser transmitter with external
48
injection.” Photonics Technology Letters, IEEE, Volume: 14, Issue: 2, Feb. 2002. 
Pg: 233 -2 3 5 .
[12] Harada, H.; Mineo, N. and Fujise, M.; “A feasibility study of fiber-optic radio 
transmission system over IM/DD digital optical transmission network.” Microwave 
Photonics, 1999. MWP '99. International Topical Meeting on, 17-19 Nov. 1999, 
Pages: 205 - 208 vol.l.
[13] Ohtoshi, T.; “Numerical analysis o f a  parameters and extinction ratios in 
InGaAsP-InP optical modulators.” Selected Topics in Quantum Electronics, IEEE 
Journal of, Volume: 9, Issue: 3, May-June 2003, Pages: 755 -  762.
[14] Shen, A.; Damon-Lacoste, J.; Le Pallec, M.; Duchet, C.; Gentner, J.-L.; Devaux, 
F. and Renaud, M.; “Low Insertion loss and polarization-insensitive InP-based 
Mach-Zehnder modulator for 40 Gbit/s optical regeneration.” Optical Fiber 
Communication Conference and Exhibit, 2002. OFC 2002, 17-22 March 2002, 
Pages: 339 -  340.
[15] Suntak Park; Jung Jin Ju; Jung Yun Do; Seung Koo Park; Joon Tae Ahn; Sung- 
II Kim and Myung-Hyun Lee; “16-arrayed electrooptic polymer modulator.” 
Photonics Technology Letters, IEEE, Volume: 16, Issue: 8, Aug. 2004, Pages: 1834
-  1836.
[16] Yamanaka, T.; “Ultrafast electroabsorption modulators with traveling-wave 
electrodes.” Optical Communication, 2001. ECOC '01. 27th European Conference 
on, Volume: 3, 30 Sept.-4 Oct. 2001, Pages: 328 - 331 vol.3.
[17] Bin Liu; Jongin Shim; Yi-Jen Chiu; Keating, A.; Piprek, J. and Bowers, J.E.; 
“Analog characterization o f low-voltage MQW traveling-wave electroabsorption 
modulators.” Lightwave Technology, Journal of, Volume: 21, Issue: 12, Dec. 2003, 
Pages: 3011 -3 0 1 9 .
[18] Smith, G.H.; Novak, D. and Ahmed, Z.; “Overcoming chromatic-dispersion 
effects in fiber-wireless systems incorporating external modulators.” Microwave 
Theory and Technologies, IEEE Transactions on, Volume: 45, Issue: 8, Aug. 1997, 
Pages: 1410-1415 .
[19] Lu, H. -H.; Tsai, W. -S.; Chen, C. -Y. and Peng, H. -C.; “CATV/Radio-on-Fiber 
Transport Systems Based on EAM and Optical SSB Modulation Technique.” 
Photonics Technology Letters, IEEE, Volume: 16, Issue: 11, Nov. 2004, Pages: 2565
-  2567.
49
[20] Smith, G.H.; Novak, D. and Ahmed, Z.; “Technology for optical SSB 
generation to overcome dispersion penalties in fibre-radio systems.” Electronics 
Letters, Volume: 33, Issue: 1, 2 Jan. 1997, Pages: 74 -  75.
[21] Gliese, U.; Norskov, S. and Nielsen, T.N.; “Chromatic Dispersion in Fiber- 
Optic Microwave and Millimeter-wave links.” Microwave Theory and Technologies, 
IEEE Transactions on, Volume: 44, Issue: 10, Oct. 1996, Pages: 1716 -  1724.
[22] Vergnol, E.; Devaux, F.; Tanguy, D. and Penard, E.; “Integrated lightwave 
millimetric single side-band source: design and issues.” Lightwave Technology, 
Journal of, Volume: 16, Issue: 7, July 1998, Pages: 1276 -  1284.
[23] Jeehoon Han; Byoung-Joon Seo; Yan Han; Jalali, B. and Fetterman, H.R.; 
“Reduction of Fiber Chromatic Dispersion Effects in Fiber-wireless and photonic 
Time-Stretching System using polymer Modulators.” Lightwave Technology, 
Journal of, Volume: 21, Issue: 6, June 2003, Pages: 1504 -  1509.
[24] Loayssa, A.; Lim, C.; Nirmalathas, A. and Benito, D.; “Design and performance 
of the bidirectional optical single-sideband modulator.” Lightwave Technology, 
Journal of, Volume: 21, Issue: 4, April 2003, Pages: 1071 -  1082.
[25] Lee, U.S.; Jung, H.D. and Han, S.K.; “Optical single sideband signal generation 
using phase modulation of semiconductor optical amplifier.” Photonics Technology 
Letters, IEEE, Volume: 16, Issue: 5, May 2004, Pages: 1373 -  1375.
[26] Kaszubowska, A.; Anandarajah, P. and Barry, L.P.; “Multifunctional operation 
o f a fiber Bragg grating in a WDM/SCM radio over fiber distribution system.” 
Photonics Technology Letters, IEEE, Volume: 16, Issue: 2, Feb. 2004. Pg: 605 -  
607.
[27] Vourc'h, E.; Della, B.; Le Berre, D. and Herve, D.; “Millimeter-wave power- 
fading compensation for WDM fiber radio transmission using a wavelength self- 
tunable single sideband filter.” Microwave Theory and Technologies, IEEE 
Transactions on, Volume: 50, Issue: 12, Dec. 2002, Pages: 3009 -  3015.
[28] Toda, H.; Yamashita, T.; Kuri, T. and Kitayama, K.; “Demultiplexing using an 
arrayed-waveguide grating for frequency-interleaved DWDM millimeter-wave radio- 
on-fiber systems.” Lightwave Technology, Journal of, Volume: 21, Issue: 8, Aug. 
2003, Pages: 1735 -  1741.
[29] Lim, C.; Nirmalathas, A.; Novak, D.; Tucker, R.S. and Waterhouse, R.B. 
“Technology for increasing optical spectral efficiency in millimetre-wave WDM
50
fibre-radio.” Electronics Letters, Volume: 37, Issue: 16, 2 Aug. 2001, Pages: 1043 -  
1045.
[30] Hui, R.; Allen, C. and Demarest, K.; “Combating PMD-induced signal fading in 
SCM optical systems using polarization diversity optical receiver.” Optical Fiber 
Communication Conference and Exhibit, 2002. OFC 2002, 17-22 March 2002, 
Pages: 302 -  304.
[31] Kuri, T. and Kitayama, K.; “Optical heterodyne detection technology for 
densely multiplexed millimeter-wave-band radio-on-fiber systems.” Lightwave 
Technology, Journal of, Volume: 21, Issue: 12, Dec. 2003, Pages: 3167 — 3179.
[32] Rossi, G.; Jerphagnon, O.; Olsson, B.E. and Blumenthal, D.J.; “Optical SCM 
data extraction using a fiber-loop mirror for WDM network systems.” Photonics 
Technology Letters, IEEE, Volume: 12 , Issue: 7 , July 2000, Pages:897 -  899.
[33] Toda, H.; Yamashita, T.; Kitayama, K. and Kuri, T.; “A DWDM MM-wave 
fiber-radio system by optical frequency interleaving for high spectral efficiency.” 
Microwave Photonics, 2001. MWP '01. 2001 International Topical Meeting on, 7-9 
Jan. 2002, Pages: 85 -  88.
[34] Lim, C.; Nirmalathas, A.; Novak, D.; Tucker, R.S. and Waterhouse, R.B.; 
“Wavelength-interleaving technology to improve optical spectral efficiency in 
millimeter-wave WDM fiber-radio.” Lasers and Electro-Optics Society, 2001. LEOS 
2001. The 14th Annual Meeting o f the IEEE, Volume: 1, 12-13 Nov. 2001.
[35] Schaffer, C.G.; Sauer, M.; Kojucharow, K. and Kaluzni, H.; “Increasing the 
channel number in WDM mm-wave systems by spectral overlap.” Microwave 
Photonics, 2000. MWP 2000. International Topical Meeting on, 11-13 Sept. 2000.
[36] Jemison, W.D.; Funk, E.; Bystrom, M.; Herczfeld, P.R.; Frigyes, I. and Berceli, 
T.; “Fiber radio: from links to networks.” Microwave Photonics, 2001. MWP '01.
2001 International Topical Meeting on, 7-9 Jan. 2002, Pages: 169 -  172.
[37] Xiaolin Lu; “Broadband access over HFC networks.” Optical Fiber 
Communication Conference, 1999, and the International Conference on Integrated 
Optics and Optical Fiber Communication. OFC/IOOC '99. Technical Digest, 
Volume: 3, 21-26 Feb. 1999, Pages: 318 - 320 vol.3.
[38] E. Biton, A.Raichel, D. Shklarsky and M. Zussman; “Wireless over CATV: an 
alternative wireless Topology.” The 15th IEEE International Symposium on Personal 
Indoor and Mobile Radio Communications, September 2004.
51
[39] IEEE Std. 802.11, 1999 edition, Wireless LAN Medium Access Control (MAC) 
and Physical Layer (PHY) Specifications.
52
Transmission limitations due to dispersion and 
non-linearity in Radio-over-Fiber distribution
systems
C h a p t e r  3
53
As we already know, when the signals are transmitted over fiber, chromatic 
dispersion causes each side band to experience a different phase shift. If the phase 
difference at the receiver equals n , the two side bands interfere destructively 
causing fading of the received RF signal. Using an optical filter to filter out one side 
band can thus reduce chromatic dispersion effects.
Another problem in RoF systems may come from Stimulated Brillouin Scattering 
(SBS). SBS is an interaction between light and sound waves in the fiber, which 
causes frequency conversion and reversal o f the propagation direction o f the light. It 
is the decay of an incident (pump) light wave into a frequency-downshifted (Stokes) 
light wave and an acoustic wave [1],
SBS severely limits the optical power that could be transmitted through a fiber and it 
is detrimental for optical communication systems. It can also be reduced by the 
filtration carried out at the transmitter (pre-filtering). Since the optical filter functions 
to eliminate one sideband and induces insertion loss (about 2 dB), the optical power 
to be launched into the transmission fiber falls sharply and so does the risk o f SBS. 
In this chapter, we investigate the possibility o f performing SSB filtering to 
simultaneously overcome the effects o f dispersion and SBS in the transmission fiber. 
The results show that the pre-filtering can filter out one side band to overcome 
dispersive fading effects, as well as reduce the effect o f SBS.
3 .1  C h r o m a t i c  D i s p e r s i o n  I n d u c e d  F a d i n g  E f f e c t
Chromatic dispersion is the broadening of an input optical signal as it travels along 
the length o f the fiber. Chromatic dispersion phenomenon occur because different 
wavelengths propagate at different speeds along the fiber. The concept to consider 
when talking about chromatic dispersion should be optical phase.
Chromatic dispersion caused fading o f the microwave signals is a critical problem 
for RF transmission. It can be reduced and almost totally be overcomed in RoF 
systems by eliminating one sideband to produce an optical carrier with single 
sideband (SSB) modulation [4], which is called optical single sideband (OSSB) 
transmission. Therefore, transmission of the optical carrier and just one of the
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sidebands prevents interference and the associated RF power fading. In addition, it is 
possible to employ optical filtering at the remote site to eliminate one side band after 
signal transmission and improve the quality of signal significantly [7].
3 . 2  N o n l i n e a r  e f f e c t s
Normally light waves or photons transmitted through a fiber have little interaction 
with each other, and are not changed by their passage through the fiber (except for 
absorption and scattering). However, there are exceptions arising from the 
interactions between light waves and the material transmitting. These processes 
generally are called nonlinear effects because their strength typically depends on the 
square (or some higher power) o f electric field strength. This means that nonlinear 
effects are weak at low powers, but can become much stronger when light reaches 
high intensities. This can occur either when the power is increased, or when it is 
concentrated in a small area-such as the core o f an optical fiber [8]. Even though the 
nonlinearities in optical fibers are small, they may accumulate as light passes through 
many kilometers of fiber.
Nonlinear effects are comparatively small in optical fibers transmitting a single 
optical channel. They become much larger when dense wavelength-division 
multiplexing (DWDM) packs many channels into a single fiber. DWDM puts many 
closely spaced wavelengths into the same fiber where they can interact with one 
another. It also multiplies the total power in the fiber.
Several nonlinear optical effects normally limit the optical power level that can be 
employed in RoF distribution systems. This limitation may cause difficulties in RoF 
systems that require large transmission powers, such as un-amplified links with large 
distances between central and remote sites, or systems in which optical splitters are 
used at certain points in the link to serve multiple remote sites. The non-linear effects 
responsible for this limitation include Stimulated Brillouin and Raman Scattering 
(SBS and SRS), Self-Phase Modulation (SPM), cross-phase modulation and Four- 
Wave Mixing, etc. In the following section, the main nonlinear effects in fiber will be 
introduced.
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3.2.1 Self-phase modulation
Self-phase modulation is the change of phase in optical pulse due to the change in 
refractive index caused by the pulse. Since the refractive index o f glass varies 
slightly with the intensity o f light passing through it, so changes in signal intensity 
cause the speed o f light passing through the glass. This process causes intensity 
modulation of an optical channel to modulate the phase o f the optical channel that 
creates it, which is called self-phase modulation.
When the optical power rises and falls, these phase shifts also effectively shift the 
frequencies of some o f the light; the shifts are in opposite directions at the rising and 
falling parts o f the pulse. The overall result is to spread the bandwidth o f the optical 
channel.
The spectral broadening caused by self-phase modulation produces dispersion-like 
effects, which can limit data rates in some long-haul communication systems, 
depending on the fiber type and its chromatic dispersion. For ultrashort pulses (pulse 
lasts less than one picosecond) with very high peak powers, self-phase modulation 
can be very strong, generating a broad continuum of wavelengths [8].
3.2.2 Cross-Phase m odulation
Cross-Phase modulation is a nonlinear phase changing due to power variations in 
adjacent channels. It can strongly impact system performances. Systems carrying 
multiple wavelength channels are vulnerable to cross phase modulation as well as 
self-phase modulation. In this case, variations in the intensity o f one optical channel 
cause changes in the refractive index and affect other optical channels. These 
changes modulate the phase o f light on other optical channels, in addition to self­
phase modulation of the same channel [8],
3.2.3 Four-wave mixing
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Four-wave mixing is a nonlinear effect arising from a third-order optical 
nonlinearity, and it is a phase-sensitive process. Normally multiple optical channels 
passing through the same fiber interact with each other very weakly. However, these 
weak interactions in glass can become significant over long fiber-transmission 
distances. The most important is four-wave mixing in which three wavelengths 
interact to generate the fourth one. Four-wave mixing is one of a broad class of 
harmonic mixing or harmonic generation processes. The phenomenon is that two or 
more waves combine to generate waves at a different frequency that is the sum or 
difference o f the signals that are mixed. Second-harmonic generation (or frequency 
doubling) is common in optics; it combines two waves at the same frequency to 
generate a wave at twice the frequency (half the wavelength). This can happen in 
optical fibers, but the second harmonic o f the 1550 nm band is at 775 nm, far from 
the communications band, so it doesn't interfere with any signal wavelength [8],
Four-wave mixing may accumulate especially when chromatic dispersion is very 
close to zero. As we know, pulses transmitted over different optical channels at 
different wavelengths will stay in the same relative positions along the length of the 
fiber if  the signals experience near-zero dispersion. This amplifies the effect of four- 
wave mixing, and builds up the noise signal. This problem led to abandonment of 
zero dispersion-shifted fibers, and the zero-dispersion point has to be moved out of 
the erbium-fiber amplifier band from 1530 to 1625 nm.
3.2.4 Stim ulated R am an scattering
Stimulated Raman scattering (SRS) is a nonlinear effect in fiber-optical transmission 
that results in signal amplification if  optical pump waves with the correct wavelength 
and power are launched into the fiber. When light waves interact with molecular 
vibrations in a solid lattice, the Stimulated Raman scattering occurs. In simple 
Raman scattering, the molecule absorbs the light, then quickly re-emits a photon with 
energy equal to the original photon, plus or minus the energy of a molecular 
vibration mode. This has the effect of both scattering light and shifting its 
wavelength. When a fiber transmits two suitably spaced wavelengths, stimulated 
Raman scattering can transfer energy from one to the other. In this case, one 
wavelength excites the molecular vibration, and then light o f the second wavelength
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stimulates the molecule to emit energy at the second wavelength. The Raman shift 
between the two wavelengths is relatively large, which is about 13 terahertz (100 nm 
in the 1550-nanometer window), but it can produce some crosstalk between optical 
channels. In addition, it can deplete signal strength by transferring light energy to 
other wavelengths outside the operating band [8].
3.2.5 Stim ulated Brillouin Scattering Effect
Stimulated Brillouin scattering (SBS) is a nonlinear scattering effect based on 
acoustic phonons. It occurs when the incident pump wave generates acoustic waves 
through the process of electrostriction and the sound waves cause vibrations in the 
glass lattice that makes up the fiber core [9]. In other words, SBS occurs when signal 
power reaches a level sufficient to generate tiny acoustic vibrations in the glass [8]. 
This can occur at powers as low as a few milliwatts in single-mode fiber. Acoustic 
waves may change the density o f a material, and thus alter its refractive index. The 
resulting refractive-index fluctuations can scatter light, which is called Brillouin 
scattering. Since the light wave being scattered may generate the acoustic waves 
itself, the process is called stimulated Brillouin scattering.
Brillouin scattering directs part o f the signal back toward the transmitter and 
effectively increasing attenuation. As input power increases, the fraction of power 
scattered in the opposite direction rises sharply, and the fiber essentially becomes 
saturated. The small frequency shift effectively confines the effect to the optical 
channel generating the effect at present channel spacing, so it does not create 
crosstalk with other channels. However, it does limit the maximum power a single 
length of fiber can transmit in one direction.
In this chapter we focus on investigating the SBS effect and propose a method to 
overcome the SBS effect since it is likely to have the lowest threshold in systems 
employing lasers with narrow linewidths. Once the Brillouin threshold is reached, 
SBS occurs in the fiber, reflecting parts o f the input powers launched into the optical 
fiber and the power is converted into the backward-traveling light, which is named 
the Stokes wave [10]. The SBS process induces optical power fluctuations that may 
degrade the Q factor and consequently the bit error rate (BER) o f an optical
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communication system. As a result, SBS limits the performance of RoF systems and 
the fiber-input power should normally be kept below the Brillouin threshold [11],
As we already know, SBS occurs due to acousto-optic fluctuations in the fiber. The 
incident pump wave generates acoustic waves through the process o f electrostriction, 
which in turn causes a periodic modulation of the refractive index [12]. Once the 
Brillouin threshold is reached, a large part o f the pump power is transferred to the 
Stokes wave [13]. The effect is strong when the light pulse is long (allowing a long 
interaction between light and the acoustic wave), or the laser linewidth is very small.
The process of SBS can be described classically as a parametric interaction among 
the incident pump wave, the Stokes wave, and the acoustic wave. The pump-induced 
index grating scatters the pump light through Bragg diffraction [13]. Scattered light 
is downshifted in frequency because o f the Doppler shift associated with a grating 
moving at the acoustic velocity. Hence, a Stokes wave is generated downshifted from 
the frequency of the incident pump wave and the frequency shift is determined by the 
nonlinear medium.
The same scattering process can be viewed quantum-mechanically as if  annihilation 
o f an incident pump photon creates a Stokes photon and an acoustic phonon 
simultaneously. Since both the energy and the momentum must be conserved during 
each scattering event, the frequencies and the wave vectors o f the three waves are 
related by
sr A = m p - m s . (3-1)
k A = k p - k s , (3-2)
Where mA, m p and ms are the frequencies o f the acoustic wave, the incident pump 
wave and the Stocks wave; k A , k  and ks are the wave vectors o f the acoustic wave, 
the incident pump wave and the Stocks wave, respectively [12].
In a single-mode optical fiber the only relevant directions are only the forward and 
the backward directions. When the scattering angle 0 = pi, the shift reaches the
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m a x im u m  v a lu e . T h e re fo re ,  th e  o n e -d im e n s io n a l g u id in g  n a tu re  o f  o p t ic a l f ib e r s  o n ly  
a l lo w s  o b s e r v a t io n  o f  th e  S to k e s  w a v e  in  th e  b a c k w a rd  d ir e c t io n .  T h e  f r e q u e n c y  
d if fe r e n c e  b e tw e e n  the  in c id e n t  w a v e  an d  th e  S to k e s  w a v e  oB is  g iv e n  b y
2 u V a /I ^
(3-3)
A p
w h e re  Ap, n, a n d  VA a re  th e  w a v e le n g th  o f  th e  in c id e n t  p u m p , th e  r e f r a c t iv e  in d e x  
o f  th e  co re , a n d  th e  s o u n d  v e lo c i t y  in s id e  th e  m a te r ia l,  r e s p e c t iv e ly  [1 4 ]. I f  w e  u se  
th e  v a lu e s  a p p ro p r ia te  f o r  s i l i c a  f ib e rs ,  s u c h  as VA = 5 .9 6  k m /s  a n d  n = 1 .4 5 , w e  o b ta in  
oB = 1 1 .1  G H z  at Ap = 1 .55  f im  [15].
T h e  c r i t e r io n  f o r  th e  B r i l l o u in  th re s h o ld  is  a r b i t r a r i ly  d e f in e d  as th e  in p u t  o p t ic a l 
p u m p  p o w e r  (Pfiber) at w h ic h  th e  b a c k w a rd  S to k e s  p o w e r  (Pstokes) is  e q u a l to  Pfiber at 
th e  f ib e r  in p u t  [16 ]. I f  th e  p u m p  la s e r  is  a s s u m e d  to  h a v e  a  f in it e  l in e w id t h  o f  A v ^ , 
a n d  th e  S to k e s  w a v e  l in e w id t h  is  g iv e n  b y  AvH , th e n  th e  B r i l l o u in  th re s h o ld  fo r  
C o n t in u o u s  W a v e  ( C W )  l ig h t  is  g iv e n  b y  [17]:
(3-4)
SoKff A v « 
w h e re  Lejj is  th e  e f fe c t iv e  in te ra c t io n  le n g th  g iv e n  b y
Leff^ ( l - e - aL) / a ,  (3 -5 )
Aeff i s  th e  e f fe c t iv e  c o re  a re a  o f  th e  f ib e r ,  a  i s  th e  f ib e r  lo s s  (d B /m ) , g 0 is  th e  p e a k  
B r i l l o u in  g a in  c o e f f ic ie n t  (g a= 4 .6 *1  O'11 m /W ) ,  L i s  th e  le n g th  o f  th e  f ib e r ,  a n d  K is  
th e  p o la r iz a t io n  fa c to r  ( 1 < K < 2 ), w h ic h  a c c o u n ts  fo r  p o la r iz a t io n  s c r a m b lin g  
b e tw e e n  th e  p u m p  an d  th e  S to k e  w a v e s  [11 ].
6 0
In  th e  ca se  o f  n a r r o w  l in e w id t h  w ith  AvB > Avp , (3 -6 )  c a n  b e  re d u ce d  to  ( fo r  C W  
lig h t) :
P Z  » 2 1 ^ .  (3-6)
SoLeff
U n d e r  p ro p e r  c o n d it io n s  ( g e n e r a l ly  w h e n  the  o p t ic a l  p o w e r  re a c h  10 d B ) ,  S B S  w i l l  
b e  the  d o m in a n t  n o n l in e a r  p ro c e s s  s in c e  the  B r i l l o u in  th re s h o ld  is  so  lo w  fo r  p r a c t ic a l 
use . It c o n v e r t s  th e  t ra n s m it te d  s ig n a l in  th e  f ib e r  to  a b a c k w a rd  s c a tte re d  one , 
d e c re a s in g  th e  q u a l i t y  o f  th e  s ig n a ls  th a t a re  t ra n s m it te d  in  th e  f ib e r ,  a n d  th u s  se ts a 
l im i t o n  the  to ta l f ib e r  in je c te d  p o w e r  [12].
3.3 Simulation with VPItransmission 5.5
In  th is  s e c t io n , w e  u se  V P I t r a n s m is s io n M a k e r  5 .5 , w h ic h  is  p h o to n ic  d e s ig n  
s im u la t io n  s o f tw a re  to  s im u la te  a R o F  d is t r ib u t io n  sy s te m . U s in g  th e se  s im u la t io n s  
c a n  a l lo w  u s  to  u n d e r s ta n d  so m e  o f  th e  b a s ic  l im it a t io n s  o f  r a d io - o v e r - f ib e r  
d is t r ib u t io n  s y s te m s . In d e e d , s in c e  u s in g  th e  s im u la t io n  p a ra m e te rs  c a n  e a s i ly  c h a n g e  
the  s im u la t io n  e n v iro n m e n ts ,  w e  c a n  o b ta in  re s u lt s  th a t a re  d i f f ic u l t  to  ge t w it h  
e x p e r im e n ts .
3.3.1 The sim ulation set-up
T h e  s im u la t io n  s e t-u p  is  s h o w n  in  th e  F ig u r e  3 -1 . A  1 5 5 .5 2 0  M b it / s  N R Z  d a ta  s ig n a l 
(p a ssed  t h ro u g h  a  lo w -p a s s  f i l t e r  to  m in im iz e  th e  b a n d w id th  o f  th e  da ta ) is  f ir s t  
m ix e d  w it h  an  18 G H z  c a r r ie r  to  g e n e ra te  b in a r y  p h a s e - s h if t  k e y e d  ( B P S K )  da ta  
s ig n a l th a t is  u s e d  to  d i r e c t ly  m o d u la te  a s in g le  m o d e  la s e r  d io d e  w it h  w a v e le n g th  
a ro u n d  1 5 5 0  n m . T h e  o p t ic a l  s ig n a l is  th e n  la u n c h e d  in to  a  12 k m  o p t ic a l f ib e r  re e l. 
A t  th e  re c e iv e r ,  th e  s ig n a l is  th en  d e te c te d  an d  d o w n -c o n v e r te d  to  b a s e -b a n d  da ta  
u s in g  a n o th e r  m ix e r  a n d  th e  18 G H z  c a rr ie r . F in a l l y  th e  r e s u lt in g  d a ta  is  m o n ito r e d  
o n  an  o s c i l lo s c o p e .  W e  u se  tw o  o p t ic a l  p o w e r  m e te rs  in  th e  s im u la t io n  se t-u p  to 
m e a su re  th e  p o w e r  to  b e  p ro p a g a te d  in  th e  f ib e r  a n d  th e  p o w e r  at th e  p h o to d io d e .
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T h is  s im u la t io n  se t-u p  w a s  a p o s t-a t te n u a to r , an  a t te n u a to r  is  p la c e d  a fte r  th e  o p t ic a l 
f ib e r  re e l, so  th a t th e  o p t ic a l  p o w e r  p ro p a g a te d  in  th e  f ib e r  r e e l is  g e n e r a lly  h ig h ,  a n d  
the  o p t ic a l p o w e r  at th e  p h o to d io d e  w i l l  f a l l  d o w n  to  an  a p p ro p r ia te  ra n g e  w h ic h  is  
s u ita b le  f o r  th e  l in e a r  r e g im e  o f  th e  p h o to d io d e .
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Figure 3-1: The simulation set-up with post-attenuator
3.3.2 Global Parameters set up
In  o rd e r  to  r u n  th e  s im u la t io n ,  f ir s t  w e  set s o m e  g lo b a l p a ra m e te rs  f o r  th e  s im u la t io n  
e n v iro n m e n t .
(1 ) B i t  ra te  d e fa u lt
W e  h a v e  d e f in e d  th e  d a ta  s ig n a l a t th e  sp e ed  at 1 5 5 .5 2 0  M b it / s .
(2 ) S a m p le  ra te  d e fa u lt
S in c e  h ig h e r  s a m p le  ra te  m a y  le a d  to  m o re  a c c u ra te  re s u lt ,  w e  te n d  to  c h o o s e  h ig h  
s a m p le  ra te . O n  th e  o th e r  h a n d , th e  C P U  sp eed  l im it a t io n  b r in g s  u s  a r e s t r ic t io n  to  th e  
se t-up . In  th is  s im u la t io n ,  w e  c h o o s e  2 10 t im e s  o f  b i t  ra te , w h ic h  is  1 0 2 4  * 1 6 3 e 6  
b its /s  = 1 6 6 9 1 2  e6 H z .
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(3 ) T im e  w in d o w
F r o m  b i t  ra te  w e  c a n  g e t th e  t im e  f o r  a  b i t  to  p a s s  th ro u g h , w h ic h  is  1 /b it ra te . W e  
s h o u ld  se t th e  t im e  w in d o w  b ig  e n o u g h  f o r  th e  s o f tw a re  to  ge t e n o u g h  s ig n a l 
in fo rm a t io n  to  a n a ly z e , a n d  w e  s t i l l  s u f fe re d  f r o m  th e  C P U  l im it a t io n  o f  th e  
c o m p u te r  ( I f  w e  se t th e  t im e  w in d o w  la rg e , i t  w i l l  ta k e  lo n g  t im e  fo r  th e  c o m p u te r  to  
ge t th e  s im u la t io n  re su lt ) . T h e  t r a d e - o f f  t im e  w in d o w ,  w e  se t i t  as 1 2 8 /b it  rate.
(4 ) S a m p le  M o d e  C e n te r
T h is  p a ra m e te r  is  th e  se t-u p  o f  th e  w a v e le n g th .  S in c e  w e  s im u la te  o n  th e  w a v e le n g th  
1 5 5 0  n m , w e  ge t 1 9 3 .1 e l2  H z  b y  c o n v e r t in g  t h is  v a lu e  to  H z .
3.3.3 Individual device parameters set-up
S e t t in g  the  p a ra m e te rs  o f  th e  in d iv id u a l  d e v ic e s .
(1 ) S in e  w a v e  g e n e ra to r
S in e  w a v e  g e n e ra to r  is  u s e d  as o u r  c a r r ie r  w a v e ,  w h ic h  g ene ra te s  a  h ig h  f r e q u e n c y  
s in e  w a v e  to  b e  m ix e d  w it h  o u r  d a ta  s ig n a l to  m o v e  th e  sp e c tru m  o f  th e  b a se  b a n d  
s ig n a l to  h ig h  f r e q u e n c y  b a n d . H e r e  w e  se t th e  f r e q u e n c y  as 18e9  H z ,  w h ic h  is  
e x a c t ly  18 G H z .
(2 )  N R Z  c o d e r
T h e  N R Z  c o d e r  is  an  im p o r ta n t  d e v ic e  i n  th e  s im u la t io n  s in c e  i t  i s  th e  s o u rc e  o f  th e  
da ta . It g e n e ra te s  N o n - r e tu m - to - z e r o  d a ta  in  th e  sh a p e  o f  sq u a re  w a v e , w h ic h  w i l l  b e  
c o m p a re d  w it h  th e  r e s u lt  d a ta  p a s s in g  th ro u g h  th e  t r a n s m is s io n  s y s te m  to  ge t th e  
r e s u lt  o f  B i t  E r r o r  R a te  ( B E R ) .  W e  d e f in e  th e  d a ta  sp eed  f o r  th e  N R A  c o d e r  as 
1 5 5 .5 2 0  M b it / s .
(3 ) O p t ic a l  a tte n u a to r
W e  se t th e  a t te n u a t io n  a s  10  d B  f o r  th e  o p t ic a l  a ttenu a to r. D u r in g  o u r  s im u la t io n s ,  n o  
m a te r  w h e re  w e  p la c e  th e  o p t ic a l  a t te n u a to r  ( in  f r o n t  o f  th e  f ib e r  r e e l o r  a f te r  th e  f ib e r  
re e l) , w e  w i l l  n o t  c h a n g e  t h is  v a lu e .  In  t h is  w a y  th e  re s u lt s  o f  d if fe re n t  s im u la t io n s  
c a n  b e  c o m p a re d .
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(4 ) F ib e r  re e l
T h e  “ f ib e r  r e e l”  a c ts  as th e  t r a n s m is s io n  c h a n n e l i n  o u r  s im u la t io n ;  h e n ce  i t  is  a  v e r y  
im p o r ta n t  d e v ic e . W e  c h o o s e  th is  “ U n iv e r s a lF ib e r ”  b e c a u s e  it  o f fe r s  u s  to  ch a n g e  the  
B r i l l o u in  s c a t te r in g  e f fe c t , w h ic h  c a n  b e  c h o s e n  to  se t as “ o n ”  o r  “ o f f ’ . F u r th e rm o re , 
w e  se t th e  le n g th  o f  th e  f ib e r  re e l as lo n g  as 12 k m .
3.3.4 Simulation and Results
F ir s t ,  le t  u s  e x a m in e  th e  sp e c tru m . I n  th e  s im u la t io n ,  w e  p u t  a n  O p t ic a l  S p e c tru m  
A n a ly s e r  ( O S A )  a f te r  th e  id e a l l in e a r  p o la r iz e r ,  a n d  ge t th e  s p e c tru m  o f  th e  o p t ic a l 
m ic r o w a v e  s ig n a l g e n e ra te d  b y  d ir e c t  m o d u la t io n  o f  th e  la s e r  ( s h o w n  in  th e  f ig u r e  3 - 
2 ). T h e  s p e c t ru m  o f  th e  o p t ic a l  s ig n a l  s h o w s  a s ta n d a rd  d o u b le - s id e b a n d - s ig n a l 
( D S B )  w it h  18 G H z  d is ta n c e s  b e tw e e n  th e  c a r r ie r  a n d  th e  s id e b a n d s , w h ic h  is  d u e  to  
th e  c a r r ie r  f r e q u e n c y  (1 8  G H z )  o f  th e  s in e  w a v e  g en e ra to r .
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Figure 3-2: Optical Spectrum of the carrier and sidebands
In  th e  R o F  s y s te m s , s in c e  th e  g e n e ra te d  o p t ic a l  m ic r o w a v e  s ig n a ls  a re  u s u a l ly  in  th e  
D S B  fo rm a t  (a s  in  t h is  ca se ) , th e  tw o  s id e b a n d s  w i l l  p ro p a g a te  th ro u g h  th e  f ib e r  w it h  
d if fe r e n t  sp e e d  a n d  c a u se  d is p e r s io n  fa d in g  e f fe c ts . F ig u r e  3 -3  is  a g ra p h  f r o m  V P I ,
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w h ic h  s h o w s  h o w  the  r e c e iv e d  R F  p o w e r  o f  a D S B  s ig n a l (1 8  G H z  c a r r ie r )  v a r ie s  
w it h  p ro p a g a t io n  th ro u g h  d if fe r e n t  le n g th s  o f  s ta n d a rd  f ib e r .  A s  w e  c a n  see, a fte r  
p ro p a g a t io n  th ro u g h  s p e c if ic  le n g th s  o f  f ib e r  th e  R F  p o w e r  is  s ig n i f ic a n t ly  re d u ce d  
d u e  to  d is p e r s iv e  fa d in g . T o  o v e rc o m e  th is  e f fe c t  w e  m a y  u se  an  o p t ic a l  f i l t e r  to 
g e n e ra te  a s in g le - s id e b a n d - s ig n a l
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Figure 3-3: Dispersive fading effect
W h e n  w e  c o n s id e r  th e  S S B  e ffe c t ,  d u r in g  th e  s im u la t io n  w e  c a n  c h a n g e  th e  s itu a t io n  
b y  s e t t in g  th e  S B S  p a ra m e te r  o f  th e  f ib e r  r e e l “ o f f ’ o r  “ o n . T h e  s im u la te d  r e s u lt  eye - 
d ia g ra m  is  s h o w n  b e lo w  in  th e  F ig u r e  3-4 an d  F ig u r e  3-5. A t  b o th  c a se s  th e  p o w e r  o f  
th e  o p t ic a l  m ic r o w a v e  s ig n a l to  b e  la u n c h e d  in to  th e  f ib e r  r e e l is  14.3 d B m , w h ic h  is  
h ig h  e n o u g h  to  in d u c e  th e  S B S  e ffe c t.
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Figure 3-4: The eye-diagram  results w ithout the SBS at 14.3 dBm
Time [ns]
Figure 3-5: The eye-diagram results with the SBS at 14.3 dBm
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W h e n  w e  se t th e  S B S  p a ra m e te r  “ o f f ’ , th e  re su lt  e y e -d ia g ra m  is  s h o w n  in  th e  F ig u re  
3 -4 . In  th is  ca se , th e  d e te c te d  o p t ic a l  p o w e r  is  1.9 d B m ,  w h ic h  is  s u ita b le  fo r  the 
p h o to d io d e .  T h e  e y e  is  p e r fe c t ly  o p e n  in  th is  F ig u re ,  in d ic a t in g  th e  p o te n t ia l fo r  a 
v e r y  lo w  B i t  E r r o r  R a te  ( B E R ) .
T h e n  w e  se t th e  S B S  p a ra m e te r  o f  th e  f ib e r  re e l “ o n ” , th e  r e s u lt  e y e  d ia g ra m  is  n o is e  
m a rg in  s h o w n  in  th e  F ig u r e  3 -5 . I n  t h is  c a se , the  r e c e iv e d  o p t ic a l  p o w e r  d e c re a se s  to  
- 2 . 3  d B m ,  w h ic h  is  d u e  to  th e  o p t ic a l  p o w e r  c o n s u m e d  b y  th e  S B S  e f fe c t  and 
t ra n s m it te d  b a c k  th ro u g h  the  f ib e r .
Figure 3-6: The sim ulation set-up with p re-a ttenuato r
T h e n  w e  m o v e  the  a tte n u a to r  (1 0  d B  a tte n u a t io n )  to  th e  t ra n sm it te r , a n d  p u t  i t  ju s t  
b e fo r e  th e  o p t ic a l f ib e r  r e e l,  as s h o w n  in  F ig u r e  3 -6 . In  th is  ca se , th e  o p t ic a l  p o w e r  
la u n c h e d  in to  th e  o p t ic a l  f ib e r  d e c re a s e s  to  ju s t  4 .3  d B m  b e ca u se  o f  th e  a ttenua to r.
T h e  s im u la te d  re s u lt  e y e -d ia g ra m  is  s h o w n  b e lo w  in  th e  F ig u r e  3 -7  a n d  F ig u r e  3 -8 . 
A t  b o th  c a se s  th e  p o w e r  to  b e  la u n c h e d  in to  th e  f ib e r  r e e l is  4 .3  d B m , w h ic h  is  d u e  to
th e  a tte n u a to r  a n d  th is  p o w e r  is  lo w e r  th a n  the  B r i l l o u in  th re sh o ld .
W h e n  w e  se t th e  S B S  p a ra m e te r  “ o f f ’ , th e  re su lt  e y e -d ia g ra m  is  s h o w n  in  th e  F ig u r e  
3 -7 . In  t h is  ca se , th e  d e te c te d  o p t ic a l  p o w e r  is  1.9 d B m .  W h e n  w e  set th e  S B S  
p a ra m e te r  “ o n ” , th e  r e s u lt  e y e -d ia g ra m  is  s h o w n  in  th e  F ig u r e  3 -8 . In  th is  ca se , th e
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d e te c te d  o p t ic a l  p o w e r  is  1.9 d B m  as w e l l ,  w h ic h  is  th e  sa m e  as th e  c a se  o f  F ig u re  3- 
7 , w h ic h  m e a n s  S B S  c o n su m e s  n o  o p t ic a l  p o w e r .
[1 e -6 ] R e s u lt
Time [ns]
Figure 3-7: The eye-diagram  results w ithout the SBS at 4.3 dBm
[1 e-S] R e s u lt
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Figure 3-8: The eye-diagram results with the SBS at 4.3 dBm
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T h e  F ig u r e  3 -7  a n d  F ig u re  3 -8  d o  n o t  s h o w  a n y  s ig n if ic a n t  d if fe r e n c e s ,  b o th  eye - 
d ia g ra m s  a re  c le a n  a n d  c le a r. T h is  b a s ic  s im u la t io n  c le a r ly  s h o w s  th e  e f fe c t  tha t S B S  
c a n  h a v e  o n  th e  p e r fo rm a n c e  o f  R a d io - o v e r - F ib r e  d is t r ib u t io n  sy s te m , and  te lls  us 
th a t i t  is  n e c e s s a ry  to  k e e p  the  p o w e r  b e lo w  the  B r i l l o u in  th re s h o ld  to  en su re  tha t 
S B S  d o e s  n o t  d e g ra d e  s y s te m  p e r fo rm a n c e .
3 . 4  E x p e r i m e n t  s e t u p  a n d  r e s u l t s
In  t h is  s e c t io n , w e  e x p e r im e n ta l ly  in v e s t ig a te  th e  p o s s ib i l i t y  o f  p e r fo rm in g  o p t ic a l 
f i l t e r in g  o n  an  o p t ic a l m ic r o w a v e  s ig n a l to  s im u lt a n e o u s ly  o v e r c o m e  th e  e ffe c ts  o f  
c h r o m a t ic  d is p e r s io n  b y  g e n e ra t in g  a s in g le - s id e b a n d - s ig n a l ( S S B ) ,  a n d  re d u ce  the  
S B S  n o is e  in  th e  t ra n s m is s io n  f ib e r . T h e  s y s te m  p e r fo rm a n c e  is  v e r i f ie d  fo r  S S B  p re ­
f i l t e r in g  a n d  c o m p a re d  w it h  th e  c a se  w h e re  th e  f i l t r a t io n  is  p e r fo rm e d  a t the  re c e iv e r  
( p o s t - f i l te r in g ) .
SSMF:standard singal mode fiber Electrical Path - Optical Path “ 1”
A
Figure 3-9: The experim ent set up
T h e  e x p e r im e n ta l se t u p  u se d  is  s h o w n  in  th e  F ig u re  3 -9 . A  1 5 5 .5 2 0  M b it / s  N R Z  da ta  
s t re a m  f r o m  a n  A n r i t s u  p a t te rn  g e n e ra to r  is  in i t ia l ly  p a s se d  th ro u g h  a  1 1 7 - M H z  lo w -  
p a s s  f i l t e r  to  m in im iz e  th e  b a n d w id th  o f  th e  d a ta  s ig n a l ( g e n e r a l ly  w e  c h o o se  the 
f i l t e r  w it h  7 5 %  b a n d w id th  o f  th e  s ig n a l to  k e e p  m o s t  o f  th e  s ig n a l p a s s  th e  ch an n e l) . 
T h e n  th e  s ig n a l is  m ix e d  w it h  a  R F  c a r r ie r  o f  18 G H z  to  g e n e ra te  b in a r y  p h a se -s h if t  
k e y in g  ( B P S K )  d a ta  s ig n a l th a t is  u s e d  to  d ir e c t ly  m o d u la te  a  s in g le  m o d e  la se r
69
d io d e . T h e  e m is s io n  w a v e le n g th  o f  th e  la s e r  (a ro u n d  1 5 50  n ra )  c a n  b e  s l ig h t ly  a lte red  
a n d  se t to  s p e c if ic  v a lu e s  b y  th e  te m p e ra tu re  c o n t r o l o f  th e  d io d e , a n d  the  o p t ic a l 
s ig n a l is  a m p li f ie d  u s in g  an  e rb iu m -d o p e d  f ib e r  a m p li f ie r  ( E D F A )  b e fo re  b e in g  
la u n c h e d  in to  th e  o p t ic a l  f ib e r  re e l.  A t  th e  re c e iv e r ,  th e  d e te c te d  s ig n a l is  in i t ia l l y  
a m p li f ie d  w it h  a R F  a m p li f ie r  and  th e n  d o w n c o n v e r te d  to  a b a s e b a n d  s ig n a l u s in g  a 
m ix e r  a n d  th e  1 8 G H z  lo c a l  o s c i l la to r .  F in a l ly ,  the  r e s u lt in g  N R Z  d a ta  s ig n a l is  
a m p li f ie d  w it h  a lo w  f r e q u e n c y  ( L F )  a m p li f ie r  a n d  th e n  f i l t e r e d  b e fo re  b e in g  
m o n ito r e d  o n  a  5 0  G H z  o s c i l lo s c o p e .
In th is  e x p e r im e n t ,  w e  u s e  tw o  in l in e  p o w e r  m e te rs  w it h  b u i l t - in  tu n a b le  a ttenu a to rs  
(at p o s it io n s  B  a n d  D )  to  m o n it o r  an d  a d ju s t  th e  o p t ic a l p o w e r  la u n c h e d  in to  th e  f ib e r  
r e e l a n d  th e  p h o to d io d e ,  r e s p e c t iv e ly .  A t  p o s it io n s  A  a n d  C ,  w e  p la c e  th e  B r a g g  
g ra t in g  ( o p t ic a l f i l t e r )  a c c o rd in g  to  th e  e x p e r im e n t  d e m a n d s . T h e  g e n e ra te d  o p t ic a l 
m ic r o w a v e  s ig n a l is  t ra n s m it te d  o v e r  12 .7  o r  2 5 .4  k m  o f  s ta n d a rd  s in g le  m o d e  f ib e r , 
d e p e n d in g  o n  th e  r e q u ir e d  e x p e r im e n ta l c o n d it io n s  ( tw o  s ta n d a rd  s in g le -m o d e  f ib e r  
r e e ls  o f  d is p e r s io n  a ro u n d  17 p s / k m .n m  at 1 5 5 0  n m , e a ch  o n e  12 .7  k m ) .  In  a d d it io n , 
th e  f ib e r  g ra t in g  u s e d  h a s  a  t r a n s m is s io n  p r o f i le  (b a n d -s to p  f i lt e r )  as s h o w n  in  F ig u re  
3 -1 0 . It is  a  B a n d -P a s s  o p t ic a l  f i l t e r  i f  u s e d  in  r e f le c t io n  m o d e .
Figure 3-10: Frequency response of the Bragg filter used in transmission method
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3.4.1 M easure Brillouin Threshold
In  o rd e r  to  in i t ia l l y  m e a su re  th e  B r i l l o u in  th re sh o ld , w e  d o  n o t  u se  a n y  B r a g g  g ra t in g  
in  th e  sy s te m , w h ic h  m e a n s  th a t th e re  a re  o n ly  f ib e r  p a tc h c o rd s  at th e  p o s it io n  A  and  
C .  In  th is  e x p e r im e n t , w e  u s e  o n e  f ib e r  re e l o f  12 .7  k m , w h ic h  is  lo n g  e n o u g h  to  
s h o w  th e  e f fe c t  o f  S B  S .
W e  ch a n g e  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  re e l b y  c h a n g in g  th e  a tte n u a tio n  
o f  in l in e  p o w e r  1 a n d  re ad  th e  o p t ic a l  p o w e r  v a lu e  f r o m  it . A f t e r  th e  o p t ic a l s ig n a l 
p ro p a g a t in g  th ro u g h  th e  12 .7  k m  lo n g  f ib e r  re e l,  w e  a d ju s te d  th e  a t te n u a t io n  o f  the 
in l in e  p o w e r  m e te r  2 to  k e e p  th e  o p t ic a l  p o w e r  to  b e  la u n c h e d  in to  th e  p h o to d io d e  
c o n s ta n t  at 3 d B m . F o r  th e  la s e r  d io d e ,  w e  se t th e  b ia s  c u r re n t  a t 6 0  m A  to  gu a ran tee  
th a t i t  w o r k s  in  th e  l in e a r  re g im e . F r o m  th e  e y e -d ia g ra m  s h o w n  o n  th e  o s c i l lo s c o p e  
w e  ge t th e  Q  fa c to r  a c c o rd in g  to  th e  d e f in i t io n  o f  Q :
Q= Vh~ Vl- , (3 -7 )
° l  +  ° h
w h e re  vH a n d  v, r e p re s e n t  th e  v o lt a g e  le v e l  o f  “ 1”  s ig n a l a n d  “ 0”  s ig n a l;  a n d  a L 
an d  <j h i s  th e  s ta n d a rd  d e v ia t io n  o f  th e  n o is e  a m p litu d e  f o r  “ 1”  a n d  “ 0”  s ig n a ls .
In  F ig u r e  3 -11  w e  see  th a t  th e  Q  fa c to r  d e g ra d e s  s h a rp ly  w h e n  th e  o p t ic a l p o w e r  
la u n c h e d  in to  th e  f ib e r  r e e l r e a c h e d  a ro u n d  12 .5  d B m . S in c e  th e  d e g ra d a t io n  o f  Q  
fa c to r  b e g in s  a t th e  S B S  th re s h o ld ,  w e  k n o w  tha t fo r  o u r  e x p e r im e n ta l se t-u p , the  
S B S  th re s h o ld  is  a b o u t  12 .5  d B m .
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6.8
Optical Power vs. Q factor
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Figure 3-11: Optical power launched into the fiber reel vs. Q factor
In  F ig u re  3 -1 2  a n d  f ig u r e  3 -1 3 , w e  s h o w  tw o  e y e -d ia g ra m s  at tw o  d if fe r e n t  Q  fa c to rs  
to  s h o w  th e  S B S  e f fe c t  o n  e y e -d ia g ra m s . T h e  d if fe r e n t  e y e -d ia g ra m s  s u f fe r  f r o m  
d if fe r e n t  g ra d e  o f  S B S  e ffe c ts . W h e n  th e  S B S  e f fe c t  is  m o re  se ve re , th e  e y e  b e a rs  
m o re  n o is e , as s h o w n  in  F ig .  3 .1 3 .
Figure 3-12: Eye-diagram of Q factor 7
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Figure 3-13: Eye-diagram of Q factor 4.6 
3 .4 .2  E f f e c t  o f  D is p e r s iv e  F a d in g  a n d  S B S
In  th e  R o F  s y s te m s , a lth o u g h  th e  g e n e ra te d  o p t ic a l  m ic r o w a v e  s ig n a ls  a re  u s u a lly  in  
th e  D S B  fo rm a t, o p t ic a l  f i l t e r s  m a y  b e  e m p lo y e d  a t th e  r e c e iv e r  ( p o s t - f i le r in g )  to  
c o n v e r t  th e  D S B  s ig n a ls  to  S S B  fo rm a t  a n d  e l im in a te  th e  d is p e r s io n  fa d in g  e f fe c ts  in  
th e  f ib e r .  In d e e d  s u c h  a  f i l t e r  c o u ld  s im u lt a n e o u s ly  d e m u lt ip le x  th e  d e s ire d  
w a v e le n g th  c h a n n e l in  R o F  W D M  sy s te m s  [1 ], H e r e  w e  p ro p o s e  an d  d e m o n s tra te  
h o w  the  p o s it io n  o f  th e  o p t ic a l  f i l t e r  c a n  in f lu e n c e  th e  p e r fo rm a n c e  o f  a  R o F  sy s te m  
d u e  to  S B S .
In  o rd e r  to  in v e s t ig a te  th e  d is p e r s iv e  f a d in g  e f fe c t  a n d  th e  S B S  e f fe c t  s im u lta n e o u s ly ,  
w e  se t u p  the  e x p e r im e n t  w it h o u t  a n y  B r a g g  g ra t in g  in  th e  s y s te m  a n d  c h a n g e  the  
p u m p  p o w e r  o f  th e  E D F A  to  k e e p  the  o p t ic a l p o w e r  la u n c h e d  in to  th e  f ib e r  re e l at 
12 .5  d B m  ( s h o w n  o n  th e  in l in e  p o w e r  m e te r  1). A t  th e  re c e iv e r ,  w e  a d ju s te d  the  
a t te n u a t io n  o f  th e  in l in e  p o w e r  m e te r  2 to  k e e p  th e  o p t ic a l  p o w e r  la u n c h e d  in to  the 
p h o to d io d e  at 0  d B m .
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F r o m  e x p e r im e n ts , w e  fo u n d  tha t, w h e n  th e  t r a n s m is s io n  d is ta n c e  is  se t to  a ro u n d  25 
k m , th e  d is p e r s iv e  f a d in g  e f fe c t  is  th e  m o s t  s e r io u s . H e n c e  w e  c o n n e c te d  tw o  f ib e r  
re e ls  o f  12 .7  k m  to g e th e r  to  get th e  r e q u ire d  t ra n sm i s s io n  le ng th .
h i  o rd e r  to  m e a su re  th e  o p t ic a l sp e c tru m , an O p t ic a l  S p e c t ru m  A n a ly s e r  ( A n r i t s u  M S  
9 7 1 7 A )  is  e m p lo y e d  ju s t  b e fo re  th e  p h o to d io d e . T h e  r e s u lt  is  d is p la y e d  in  F ig u r e  3- 
14.
Figure 3-14: The DSB optical spectrum  ju s t before the photodiode
T h e  o p t ic a l s p e c t ru m  is  s h o w n  as D o u b le  S id e  B a n d  s ig n a l ( D S B ) ,  w h ic h  cau se s  
s ig n a l fa d in g  as w e  h a v e  m e n t io n e d  b e fo re . In  th is  c a se , th e  p h a se  d if fe r e n c e  b e tw e e n  
th e  tw o  s id e  b a n d s  is  a ro u n d  n  , w h ic h  in d u c e s  a lm o s t  c o m p le te  fa d in g  o f  the  
r e c e iv e r  R F  s ig n a l a f te r  th e  re c e iv e r .  A s  fo r  t h is  e x p e r im e n t , th e  e y e -d ia g ra m  s h o w n  
f r o m  th e  o s c i l lo s c o p e  is  d is p la y e d  in  F ig u r e  3 -1 5 , w h ic h  v e r if ie s  o u r  p r e d ic t io n  o f  a 
c lo s e d  e y e  d u e  to  th e  d is p e r s iv e  fa d in g  e ffe c t . In  a d d it io n ,  b e ca u se  o f  th e  in f lu e n c e  
o f  S B S ,  e v e n  w h e n  th e  e y e  is  c lo s e d , s e v e re  n o is e  is  a ls o  c le a r ly  s h o w n  o n  th e  e ye - 
d ia g ra m .
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Figure 3-15: The eye-diagram of the received DSB signal shown on the oscilloscope 
3.4.3 The System with Post-filtering
T o  o v e rc o m e  th e  d is p e r s iv e  fa d in g  e f fe c t  s h o w n  a b o v e , i t  is  n e c e s s a ry  to  e m p lo y  an 
o p t ic a l f i l t e r  s o m e w h e re  in  th e  s y s te m  to  g e n e ra te  a s in g le - s id e b a n d - s ig n a l ( S S B ) .  
T h is  f i l t e r  c a n  g e n e r a l ly  b e  at th e  t r a n s m is s io n  o r  r e c e p t io n  s id e , p o s t-  o r  p r e - f i l t e r in g  
re s p e c t iv e ly .  In  o rd e r  to  m e a su re  th e  e f fe c t  o f  th e  p o s t - f i lt e r in g ,  w e  p la c e  th e  B r a g g  
g ra t in g  at th e  p o s it io n  “ C ”  in  F ig u r e  3 -8 . T h e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  25  k m  
f ib e r  r e e l is  k e p t  a t 12 .5  d B m  a n d  the  o p t ic a l  p o w e r  la u n c h e d  in to  th e  p h o to d io d e  is  
k e p t  at 0  d B m  as b e fo re . T h e  o p t ic a l s p e c tru m  o f  th e  r e c e iv e d  s ig n a l f r o m  th e  O p t ic a l  
S p e c t ru m  A n a ly s e r  is  s h o w n  in  F ig u r e  3 -1 6 . T h e  25  k m  t ra n s m is s io n  le n g th  m a k e s  
th e  S B S  e f fe c t  m o re  s e v e re , a n d  is  a ls o  th e  le n g th  at w h ic h  d is p e r s iv e  f a d in g  w o u ld  
g re a t ly  r e d u c e  th e  r e c e iv e d  R F  p o w e r  o f  a D S B  s ig n a l.  T h e  r e c e iv e d  e y e -d ia g ra m  is  
s h o w n  in  F ig u r e  3 -1 7 . F r o m  th is  f ig u re  i t  c a n  b e  se en  th a t th e  q u a li t y  o f  th e  s ig n a l is  
p o o r  an d  th e  e y e  i s  v e r y  n o is y  (Q  fa c to r  is  2 .7  in  th is  ca se ). A lt h o u g h ,  i t  s h o u ld  a ls o  
b e  n o t ic e d  th a t in  c o m p a r is o n  w it h  F ig u re  3 -1 5 , w e  a re  a b le  to  a c h ie v e  a n  o p e n  e ye  
as th e  o p t ic a l  f i l t e r  e l im in a te s  th e  d is p e r s iv e  f a d in g  p ro b le m .
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Figure 3-16: The optical spectrum  before the  photodiode in the case of post-filtering
F igure 3-17: The eye-diagram  of the post-filtering system
F r o m  F ig u r e  3 -1 7  w e  c a n  see  th a t  th e  s ig n a l h a s  b e e n  c o n v e r te d  in to  the  S S B  fo rm a t  
u s in g  th e  B r a g g  g ra t in g . It s h o w s  a ls o  th e  S B S  e f fe c t  at a b o u t th e  11 G H z  d is ta n c e  
f r o m  the  o p t ic a l  c a r r ie r .  T h e  o p t ic a l p o w e r  o f  th e  c a r r ie r  f lu c tu a te s  b e c a u se  o f  th e  
e f fe c t  o f  S B S ,  w h ic h  is  n o t  s h o w n  in  th is  t im e -a v e ra g e  sp e c tru m , b u t  c a n  b e  r e a l iz e d
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i f  w e  in v e s t ig a te  th e  in l in e  p o w e r  m e te r  2. S in c e  th e  d o w n -c o n v e r te d  s ig n a l is  the  
b e a t re s u lt  b e tw e e n  th e  f lu c tu a te d  c a r r ie r  a n d  th e  s id e  b a n d , se ve re  n o is e  is  in d u c e d  
in to  the  s ig n a l,  as s h o w n  b y  th e  re c e iv e d  e ye  in  F ig  3 .1 7 .
3 .4 .4  T h e  S y s t e m  w it h  P r e - f i l t e r in g
In  th e  c a se  o f  p r e - f i l t e r in g ,  s in c e  th e  o p t ic a l  f i l t e r  e l im in a te s  o n e  s id e  b a n d  and  h a s  a 
c e r ta in  in s e r t io n  lo s s ,  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  is  re d u ce d  g re a t ly . B y  
p la c in g  th e  in s e r t io n  lo s s  o f  th e  f i l t e r  a t th e  c e n t ra l s ta t io n  in s te a d  o f  th e  re m o te  s ite , 
th e  S B S  e f fe c t  in  a R a d io - o v e r - F ib e r  d is t r ib u t io n  s y s te m  c o u ld  be  a l le v ia te d .  In  o rd e r  
to  m e a su re  the  e f fe c t  o f  p r e - f i l t e r in g ,  w e  m o v e  th e  B r a g g  f i l t e r  to  the  p o s it io n  “ A ”  in  
F ig u r e  3 -8 . A lt h o u g h  th e  o p t ic a l p o w e r  b e fo r e  th e  B r a g g  f i l t e r  is  s t i l l  k e p t  at 12 .5  
d B m  (a fte r  th e  E D F A ) ,  a f te r  p a s s in g  th ro u g h  th e  B r a g g  f i lt e r ,  the  in l in e  p o w e r  m e te r
1 s h o w s  th a t th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  r e e l d e c re a se s  to  7 .0  d B m .
A s  b e fo re , w e  a d ju s t  th e  a tte n u a to r  v a lu e  o f  th e  in l in e  p o w e r  m e te r  2  to  m a k e  su re  
th e  o p t ic a l p o w e r  to  b e  la u n c h e d  in to  th e  p h o to d io d e  k e p t  at 0  d B m  an d  w e  e x a m in e  
the  o p t ic a l s p e c t ru m  b e fo re  th e  p h o to d io d e ,  w h ic h  is  p re s e n te d  in  F ig u r e  3 -1 8 .
Figure 3-18: The optical spectrum in front of the photodiode in case of pre-filtering
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Figure 3-19: The eye-diagram  of the pre-filtering system
S in c e  the  o p t ic a l p o w e r  la u n c h e d  in to  th e  o p t ic a l  f ib e r  is  to w e r  th an  th e  S B S  
th re sh o ld , th e  o p t ic a l  s p e c tru m  s h o w s  a sm o o th  p r o f i le  b e tw e e n  the  c a r r ie r  and  the 
s id e b a n d , a n d  w e  s u c c e s s fu l ly  a v o id  th e  e f fe c t  o f  S B S .  In  th is  ca se , w e  ge t a c le a r  
and  c le a n  e y e -d ia g ra m  fo r  th e  r e c e iv e d  d a ta  s ig n a l,  s h o w n  in  f ig u re  3 -1 9 . T h e  Q  
fa c to r  o f  t h is  c a se  is  9 .9 ;  the  im p ro v e m e n t  in  s y s te m s  p e r fo rm a n c e  is  e s s e n t ia lly  
c a u se d  b y  th e  in s e r t io n  lo s s  o f  the  o p t ic a l f i l t e r  e m p lo y e d  b e fo re  t ra n s m is s io n .
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3 . 5  C o n c l u s i o n
In  th is  ch ap te r , w e  in v e s t ig a te  th e  e f fe c ts  o f  d is p e r s io n  a n d  n o n - l in e a r it y  o f  th e  
p e r fo rm a n c e  o f  a  R a d io - o v e r - F ib e r  d is t r ib u t io n  sy s te m . W e  p ro p o s e  a n d  d e m o n s tra te  
th a t  b y  p e r f o r m in g  S S B  f i l t e r in g  at th e  c e n t ra l s ta t io n  o f  a  R o F  d is t r ib u t io n  sy s te m , 
w e  c a n  s im u lt a n e o u s ly  o v e r c o m e  th e  e f fe c ts  o f  d is p e r s io n  an d  S B S  in  th e  
t r a n s m is s io n  f ib e r . T h e  im p ro v e m e n t  in  s y s te m  p e r fo rm a n c e  u s in g  th is  t e c h n iq u e  is  
v e r if ie d  b o th  b y  s im u la t io n  a n d  e x p e r im e n t .
With the simulation, we demonstrate the basic concept of how the SBS effect will 
influence the system performance. With the experiment, we demonstrated SSB pre- 
filtering and compared with the case where the filtration is performed at the receiver. 
Our experiments showed that by using the pre-filtering method we could not only 
obtain the required SSB transmission (to overcome dispersive fading), but also 
reduce the signal degradation caused by SBS (by reducing the signal power launched 
into the transmission fiber).
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A s  w e  h a v e  a lre a d y  seen , S B S  m a y  im p o s e  a l im it a t io n  o n  th e  t ra n s m it te d  p o w e r  in  
r a d io - o v e r - f ib e r  ( R o F )  d is t r ib u t io n  sy s te m s . B y  e m p lo y in g  an  o p t ic a l  f i l t e r  at the 
t ra n s m it te r  th a t c o n v e r ts  th e  o p t ic a l  m ic r o w a v e  s ig n a l to  S in g le  S id e  B a n d  ( S S B )  
fo rm a t  to  o v e r c o m e  d is p e r s iv e  fa d in g , i t  is  a ls o  p o s s ib le  to  re d u c e  th e  e f fe c t  o f  S B S  
o n  s y s te m  p e r fo rm a n c e  b e ca u se  o f  a  r e d u c t io n  in  t ra n s m it te d  p o w e r  [1],
In  t h is  c h a p te r  w e  w i l l  fu r th e r  in v e s t ig a te  th e  S B S  e ffe c t. W e  f in d  th a t th e  m o d u la t io n  
d e p th  o f  th e  o p t ic a l-m ic r o w a v e  d a ta  s ig n a l m a y  in f lu e n c e  th e  B r i l l o u in  th re sh o ld . 
H e n c e  b y  c h a n g in g  th e  m o d u la t io n  d e p th  b y  e m p lo y in g  an  o p t ic a l  f i l t e r  at the  
t r a n s m is s io n  s id e  o f  th e  R o F  d is t r ib u t io n  s y s te m s , w e  c a n  fu r th e r  im p r o v e  the  sy s te m  
p e r fo rm a n c e .
4.1 Introduction
F r o m  th e  p r e v io u s  c h a p te rs , w e  k n o w  th a t d e p e n d in g  o n  th e  R o F  d is t r ib u t io n  s y s te m  
a rc h ite c tu re , o p t ic a l  f i l t e r in g  m a y  n o r m a l ly  b e  e m p lo y e d  in  s u c h  s y s te m s  e ith e r  to 
c o n v e r t  a  D o u b le  S id e  B a n d  ( D S B )  s ig n a l to  S in g le  S id e  B a n d  ( S S B )  fo rm a t  [2] to  
o v e r c o m e  d is p e r s iv e  f a d in g  o f  th e  R F  s ig n a l in  th e  f ib e r  l in k  [3 ], o r  to  f i l t e r  o u t one  
o p t ic a l  d a ta  c h a n n e l i f  w a v e le n g th  d iv is io n  m u lt ip le x in g  ( W D M )  t e c h n o lo g y  is  
e m p lo y e d  in  th e  sy s te m . In d e ed , it  is  p o s s ib le  to  u se  o n e  B r a g g  f i l t e r  a t th e  rem o te  
s ite  to  c a r r y  o u t  b o th  th e se  fu n c t io n s  s im u lt a n e o u s ly  [4],
I n  t h is  c h a p te r  w e  e x a m in e  h o w  th e  m o d u la t io n  in d e x  o f  th e  o p t ic a l m ic ro w a v e  
s ig n a l w i l l  a f fe c t  S B S  in  a r a d io - o v e r - f ib e r  d is t r ib u t io n  sy s tem . T h is  w o r k  s h o w s  tha t 
b y  u s in g  a n  o p t ic a l  f i l t e r  th a t n o t  o n ly  g ene ra te s  a  S S B  s ig n a l a t th e  t ra n sm itte r , b u t  
a ls o  in c re a s e s  th e  m o d u la t io n  in d e x  o f  th e  d a ta  s ig n a l,  th e  l im it a t io n s  du e  to  S B S  
m a y  b e  g r e a t ly  re d u ce d .
4.2 Basic experiment set-up
In  th e  la s t  c h a p te r , w e  se t u p  a n  e x p e r im e n t  to  f ig u r e  o u t  th e  S B S  e ffe c t . H e r e  w e  s t i l l  
u s e  th e  sa m e  e x p e r im e n t  s e t-u p  as o u r  b a s ic  te st b e d  th a t is  s h o w n  in  F ig u r e  4 -1 . F ir s t  
w e  s h o u ld  b e  f a m i l ia r  w it h  th e  e x p e r im e n t  aga in : A  1 5 5 .5 2 0  M b it / s  N R Z  da ta  s tream
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f r o m  a n  A n r i t s u  p a tte rn  g e n e ra to r  is  in i t ia l l y  p a s se d  th ro u g h  a  1 1 7 - M H z  lo w -p a s s  
f i l t e r  to  m in im iz e  th e  b a n d w id th  o f  th e  d a ta  s ig n a l. T h e n  the  s ig n a l is  m ix e d  w it h  a 
R F  c a r r ie r  o f  18 G H z  to  g e n e ra te  b in a r y  p h a s e -s h if t  k e y in g  ( B P S K )  d a ta  s ig n a l tha t 
is  u sed  to  d ir e c t ly  m o d u la te  a  s in g le  m o d e  la s e r  d io d e  th a t is  b ia s e d  a ro u n d  60  m A  
an d  h a s  an  o p e ra t in g  w a v e le n g th  o f  1 5 5 0  i im . T h e  o p t ic a l s ig n a l is  th e n  a m p lif ie d  
u s in g  an  e rb iu m -d o p e d  f ib e r  a m p li f ie r  ( E D F A )  b e fo re  b e in g  la u n c h e d  in to  th e  o p t ic a l 
f ib e r  re e l. A t  th e  r e c e iv e r ,  th e  d e te c te d  s ig n a l is  i n i t ia l l y  a m p li f ie d  a n d  th en  
d o w n c o n v e r te d  to  a  b a s e b a n d  s ig n a l u s in g  a  m ix e r  a n d  th e  18 G H z  lo c a l  o s c i l la to r .  
F in a l ly ,  th e  r e s u lt in g  N R Z  d a ta  s ig n a l is  a m p li f ie d  b e fo re  p a s s in g  th ro u g h  a lo w -p a s s  
f i l t e r  a n d  m o n ito r e d  o n  a  5 0  G H z  o s c i l lo s c o p e .
SSMF:standard singal mode fiber Electrical Path --------- Optical Path
A
Figure 4-1: The experim ent set up to m easure the Brillouin threshold
In  th is  e x p e r im e n t ,  w e  u se  tw o  in l in e  p o w e r  m e te rs  w it h  b u i l t - in  tu n a b le  a ttenu a to rs  
(a t th e  p o s it io n s  B  a n d  D )  to  a d ju s t  an d  m e a su re  the  o p t ic a l p o w e r  la u n c h e d  in to  the  
f ib e r  re e l a n d  at th e  p h o to d io d e , re sp e c t iv e ly . A t  p o s it io n s  A  a n d  C ,  w e  p la c e  the 
B r a g g  f i l t e r  a c c o rd in g  to  th e  e x p e r im e n ta l d em an d s . T h e  g e n e ra te d  o p t ic a l 
m ic r o w a v e  s ig n a l is  t ra n s m it te d  o v e r  12 .7  k m  o f  s ta n d a rd  s in g le  m o d e  f ib e r , w h ic h  is  
lo n g  e n o u g h  to  s h o w  th e  S B S  e ffe c t.
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4.3 The influence of the modulation depth on SBS effect
A s  w e  a lre a d y  k n o w ,  in  an  o p t ic a l c o m m u n ic a t io n  sy s te m , i f  th e  p u m p  la s e r  is  
a s su m e d  to  h a v e  a f in it e  l in e w id t h  Avp , a n d  i f  th e  S to k e s  w a v e  l in e w id t h  is  g iv e n  b y  
A v fi , th en  the  B r i l l o u in  th re s h o ld  fo r  C o n t in u o u s  W a v e  ( C W )  l ig h t  is  g iv e n  b y  [5]:
Aeff is  th e  e f fe c t iv e  c o re  a re a  o f  th e  f ib e r ,  a  is  th e  f ib e r  lo s s  (d B /m ) , ga is  th e  p e a k  
B r i l l o u in  g a in  c o e f f ic ie n t  ( g a = 4 .6 *  1 0"11 m /W ) ,  an d  K  is  th e  p o la r iz a t io n  fa c to r  
( 1 < K < 2  ), w h ic h  a c c o u n ts  f o r  p o la r iz a t io n  s c r a m b lin g  b e tw e e n  th e  p u m p  a n d  the  
S to k e  w a v e s .
F r o m  fo rm u la  (4 -1 )  w e  k n o w  th a t  th e  l in e w id t h  Avp o f  th e  la s e r  s t r o n g ly  in f lu e n c e s  
the  B r i l l o u in  th re sh o ld :  th e  w id e r  th e  Avp , th e  h ig h e r  th e  B r i l l o u in  th re sh o ld . H e n c e , 
n a r ro w e r  l in e w id t h  s ig n a ls  a re  m o re  p ro n e  to  S B S  e ffe c ts . In  o u r  R o F  sy s tem , the  
l in e w id t h  o f  th e  o p t ic a l  c a r r ie r  is  m u c h  n a r ro w e r  th a n  th a t o f  th e  s id e b a n d s  (w h ic h  
are  c a r r y in g  the  da ta ). T h e re fo re ,  th e  c a r r ie r  s ig n a l is  th e  m a in  c a u se  o f  S B S ,  an d  
re d u c in g  th e  p o w e r  o f  th e  c a r r ie r  ( in c r e a s in g  th e  m o d u la t io n  d e p th  o f  th e  s ig n a l)  m a y  
a l lo w  u s  to  re d u ce  th e  l im it a t io n  c a u se d  b y  S B S .  T h e  m o d u la t io n  d e p th  is  e x p re s s e d  
in  te rm s  o f  th e  c a r r ie r  to  s id e b a n d  r a t io  ( C S R ) ,  w h ic h  is  d e f in e d  as th e  d if fe r e n c e  in  
th e  o p t ic a l p o w e r  b e tw e e n  th e  c a r r ie r  a n d  a  f ir s t - o r d e r  s id e b a n d  [6].
T o  in v e s t ig a te  h o w  th e  m o d u la t io n  d e p th  w i l l  in f lu e n c e  th e  B r i l l o u in  th re sh o ld , w e  
im p r o v e  o n  the  e x p e r im e n ta l s e t-u p  a n d  i t  is  s h o w n  in  th e  F ig u r e  4 -2 . T h is  
e x p e r im e n t  se t-u p  is  s im i la r  to  th e  F ig u r e  4-1 ; th e  o n ly  d i f fe r e n c e  is  th a t w e  k e e p  the  
p o s it io n  o f  th e  B r a g g  f i l t e r  at th e  t ra n s m it te r  o f  th e  R o F  sy s tem . In  th is  ca se , w e
(4 -1 )
w h e re  Le/f is  the  e f fe c t iv e  in te ra c t io n  le n g th  g iv e n  b y
Leff= ( l - e - aL) / a , (4 -2 )
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p la c e  the  E D F A  a fte r  th e  B r a g g  f i l t e r  so  th a t w e  c a n  e a s i ly  in c re a s e  th e  o p t ic a l p o w e r  
la u n c h e d  in to  th e  o p t ic a l f ib e r  r e e l fu r th e r. W e  w i l l  see , e v e n  w h e n  w e  h a v e  a lre a d y  
p r e - f i l t e r e d  the  s y s te m , h o w  the  c h a n g e  o f  th e  m o d u la t io n  d e p th  m a y  in c re a s e  the 
sy s te m  p e r fo rm a n c e  fu r th e r.
Figure 4-2: Experim ental set-up to investigate the m odulation depth  effect
Figure 4-3: Spectrum of Carrier to Sideband Ratio 1.8 dB
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T o  v a r y  th e  m o d u la t io n  in d e x  o f  th e  g e n e ra te d  o p t ic a l  m ic r o w a v e  w e  u se  th e  sam e  
f ix e d  B r a g g  f i l t e r  th a t w a s  e m p lo y e d  e a r lie r , a n d  w e  u s e  te m p e ra tu re  c o n t ro l to  v a r y  
th e  e m is s io n  w a v e le n g th  o f  th e  la s e r  (th e  e m is s io n  w a v e le n g th  o f  th e  la s e r  is  v a r ie d  
w it h  th e  c h a n g e  o f  th e  te m p e ra tu re )  r e la t iv e  to  th e  c e n te r  o f  th e  f i l t e r  s to p  b an d . B y  
d o in g  so  w e  c a n  o b ta in  d if fe re n t  v a lu e s  o f  C S R  ( i.e . d if fe r e n t  m o d u la t io n  d ep th s). 
F ig u r e  4 -3 , a n d  F ig u r e  4 -4  s h o w  th e  sp e c t ru m  o f  th e  s ig n a l w it h  th e  C S R  o f  1.8 d B ,  
an d  2 3 .6  d B  r e s p e c t iv e ly .  W e  ca n  a ls o  see  th a t th e  f i l t e r  c o n v e r ts  th e  D S B  s ig n a l 
d i r e c t ly  a fte r  th e  la s e r  to  a S S B  s ig n a l.
Figure 4-4: Spectrum of Carrier to Sideband Ratio 23.6 dB 
4.3.1 C arrier to Sideband Ratio vs. Q factor
T o  in v e s t ig a te  th e  im p a c t  o f  th e  C S R  o n  th e  S B S  th re s h o ld  w e  u s e d  th e  e x p e r im e n ta l 
se t-u p  as s h o w n  in  F ig u r e  4 -2 . T h e  e m is s io n  w a v e le n g th  o f  th e  d a ta  s ig n a l w a s  
c h a n g e d  r e la t iv e  to  th e  b a n d p a s s  p r o f i le  o f  th e  f i l t e r  to  v a r y  th e  C S R ,  a n d  a v a r ia b le  
a tte n u a to r  b e fo r e  th e  t ra n s m is s io n  f ib e r  w a s  u s e d  to  k e e p  th e  la u n c h e d  p o w e r  
c o n s ta n t  as th e  C S R  v a r ie d .  W e  c h o o s e  tw o  d if f e r e n t  o p t ic a l la u n c h  p o w e rs ,  6 d B m  
a n d  12 .5 d B m ,  a n d  in  b o th  c a se s  th e  v a r ia b le  a t te n u a to r  b e fo re  th e  d e te c to r  is  u s e d  to  
k e e p  th e  r e c e iv e d  p o w e r  c o n s ta n t  at 0  d B m . F ig u r e  4 -5  s h o w s  h o w  the  Q  fa c to r  o f  the  
r e c e iv e d  s ig n a l c h a n g e s  w h e n  th e  m o d u la t io n  in d e x  is  v a r ie d  fo r  th e  tw o  la u n c h e d  
p o w e rs .
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Figure 4-5: Carrier to Sideband Ratio vs. Q factor
S in c e  6 d B m  is  f a r  b e lo w  th e  B r i l l o u in  th re s h o ld , th e  C S R  d o e s  n o t  h a v e  a n y  
i n f l u e n ce  o n  th e  s y s te m  p e r fo rm a n c e . W h e n  th e  o p t ic a l  p o w e r  is  in c re a s e d  to  12 .5  
d B m ,  w h ic h  w a s  th e  in i t i a l  B r i l l o u in  th re s h o ld  m e a su re d  f o r  o u r  sy s te m , th e  s itu a t io n  
b e c o m e s  d if fe r e n t .  I n  t h is  c a se  th e  h ig h e r  th e  C S R ,  th e  w o rs e  th e  Q  fa c to r  ( th e  lo w e r  
th e  B r i l l o u in  th re s h o ld ) .  T h is  r e s u lt  c o n f irm s  th a t th e  c a r r ie r  is  th e  m a in  c a u se  o f  th e  
S B S  in d u c e d  n o is e  in  R o F  d is t r ib u t io n  sy s te m s . H e n c e ,  s u p p re s s in g  th e  c a r r ie r  p o w e r  
to  ch a n g e  th e  C S R  re d u c e s  th e  e f fe c t  o f  S B S  o n  s y s te m  p e r fo rm a n c e , a n d  a l lo w s  u s  
to  m a x im i z e  th e  t r a n s m is s io n  p o w e r .
4 .3 .2  B E R  v s . R e c e iv e d  P o w e r
T o  d e s ig n  a  n e tw o rk ,  i t  i s  im p e ra t iv e  to  c o m p ly  th e  s y s te m  d e s ig n  w it h  th e  B E R  
r e q u ire m e n t  o f  th e  n e tw o rk .  A s  w e  k n o w , th e  Q - fa c t o r  p r o v id e s  a  q u a li t a t iv e  
d e s c r ip t io n  o f  th e  r e c e iv e r  p e r fo rm a n c e  b e c a u se  i t  is  a  f u n c t io n  o f  th e  s ig n a l to  n o is e  
r a t io  ( o p t ic a l) .  T h e  Q - f a c t o r  su g g e s ts  th e  m in im u m  S ig n a l to  N o is e  R a t io  ( S N R )
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re q u ire d  to  o b ta in  a  s p e c if ic  B i t  E r r o r  R a te  ( B E R )  fo r  a g iv e n  s ig n a l. A s  w e  c a n  see, 
th e  h ig h e r  th e  v a lu e  o f  Q - fa c to r ,  th e  b e tte r  th e  B E R  [7],
M a th e m a t ic a l ly ,  E q u a t io n  4 -3  g iv e s  th e  Q - fa c t o r  o f  an  o p t ic a l  s ig n a l [7].
(4 -3 )
w h e re  I] is  th e  v a lu e  o f  th e  1- b it  c u r re n t, Io is  th e  v a lu e  o f  th e  0-b it  cu rre n t, O i is  th e  
s ta n d a rd  d e v ia t io n  o f  th e  1- b it  c u rre n t, a n d  a 0 is  th e  s ta n d a rd  d e v ia t io n  o f  th e  0-b it  
cu rre n t. T h e  r e la t io n s h ip  o f  Q - fa c t o r  to  B E R  is  s h o w n  in  E q u a t io n  4 -4  [7].
W e  k n o w  th a t th e  B E R  i s  d i f f ic u l t  to  c a lc u la te . F o r  a g iv e n  d e s ig n  at a  B E R  ( s u c h  as 
1 0~12 a n d  a  l in e  ra te  o f  O C - 3 ,  o r  155 M b p s ) ,  th e  n e tw o rk  w o u ld  h a v e  o n e  e r ro r  in  
a p p ro x im a te ly  10 d a y s . I t  w o u ld  ta ke  1 0 0 0  d a y s  to  r e c o rd  a  s te a d y  sta te  B E R  v a lu e . 
T h a t  is  w h y  B E R  c a lc u la t io n s  m a y b e  q u ite  d i f f ic u l t .  O n  the  o th e r  h a n d , Q - fa c t o r  
a n a ly s is  is  c o m p a r a t iv e ly  easy . F r o m  th e  E q u a t io n  4 -4 , w e  h a v e  the  w a y  to  c a lc u la te  
th e  B E R  o f  th e  s y s te m  f r o m  th e  Q  fa c to r  v a lu e ,  w h ic h  is  e a s y  to  g e t  f r o m  th e  
o s c i l lo s c o p e .
In  th is  s e c t io n , w e  w i l l  m e a su re  th e  Q  fa c to r  a n d  th e  B E R  v s . th e  r e c e iv e d  p o w e r  
c h a ra c te r is t ic .  B y  a d ju s t in g  th e  te m p e ra tu re  c o n t r o l o f  th e  la se r , th e  w a v e le n g th  o f  
th e  la s e r  w a s  c h a n g e d  r e la t iv e  to  th e  p a s s  b a n d  o f  th e  f i lt e r ,  a n d  the  m o d u la t io n  d e p th  
o f  o p t ic a l m ic r o w a v e  s ig n a l is  v a r ie d . In  th e  e x p e r im e n t ,  w e  k e e p  the  o p t ic a l  p o w e r  
p ro p a g a te d  t h ro u g h  th e  f ib e r  re e l c o n s ta n t  at 12 .5  d B m , w h ic h  is  n e a r  th e  B r i l l o u in  
th re sh o ld . F o r  d if f e r e n t  C S R  v a lu e s , w e  m e a su re  th e  B E R  at d if f e r e n t  r e c e iv e d  
p o w e rs  b y  a d ju s t in g  th e  b u i l t - in  a t te n u a to r  w it h  th e  in l in e  p o w e r  m e te r  2.
B E R  = - e r f c A r ) , 2 v 2 (4 -4 )
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R eceived  P ow er vs. Q factor (O ptical pow er 12.5 dBm)
7
R eceived  P ow er(dB m ) 
F ig u re  4-6: Q facto r vs. R eceived  P ow er
In  o rd e r  to  in v e s t ig a te  th e  in f lu e n c e  o f  th e  m o d u la t io n  d ep th , w e  m a in t a in  th e  
t ra n s m it te d  o p t ic a l  p o w e r  at 12 .5 d B m .  T h e  Q  fa c to r  v s . r e c e iv e d  p o w e r  c u rv e s  fo r  
d if fe r e n t  v a lu e s  o f  C S R  (1 2 d B ,  1 5 d B , 1 8 d B , e tc ) a re  s h o w n  in  th e  F ig u r e  4 -6 . F r o m  
the  da ta  o f  F ig u r e  4 -6  w e  u s e  th e  fo rm u la  4 - 4  to  c a lc u la te  an d  ge t th e  B i t  E r r o r  R a te  
( B E R )  v s . r e c e iv e d  p o w e r  c u r v e  as F ig u r e  4 -7 .
F r o m  the  F ig u r e  4 -6  a n d  th e  F ig u r e  4 -7  i t  c a n  b e  c le a r ly  se en  tha t in c re a s in g  th e  C S R  
v a lu e  in t r o d u c e s  a p o w e r  p e n a lt y  p r im a r i ly  d u e  to  a r e d u c t io n  in  th e  p o w e r  o f  th e  
d a ta  s id e b a n d  (w h ic h  i s  c a r r y in g  the  in fo rm a t io n ) .  H o w e v e r ,  fo r  th e  c a se  w h e n  the  
C S R  is  in c re a s e d  f r o m  15 to  18 d B ,  th e  p o w e r  p e n a lt y  in c u r r e d  is  fu r th e r  in c re a s e d  
du e  to  th e  in t r o d u c t io n  o f  S B S .  W e  k n o w  th a t  b y  in c r e a s in g  the  C S R  v a lu e  w it h  th e  
to ta l o p t ic a l p o w e r  k e p t  c o n s ta n t , m o re  o p t ic a l  p o w e r  is  c o n c e n tra te d  in  th e  c a rr ie r . 
S in c e  th e  l in e w id t h  o f  th e  c a r r ie r  is  m u c h  n a r r o w e r  th a n  the  s id e b a n d , a n d  m a in ly  
r e s p o n s ib le  f o r  th e  in t r o d u c t io n  o f  B r i l l o u in  th re s h o ld ,  as th e  C S R  in c re a s e s  f r o m  15 
to  18 d B ,  th e  p o w e r  in  th e  c a r r ie r  e x c e e d s  th e  B r i l l o u in  th re sh o ld . T h is  r e s u lt s  in  a 
la rg e r  p o w e r  p e n a lt y  as th e  C S R  go e s  f r o m  15 to  18 d B .  In  th is  c a se  ( C S R  in c re a s e  
f r o m  15 to  18 d B )  th e  c a r r ie r  p o w e r  e x c e e d s  th e  B r i l l o u in  th re s h o ld  a n d  th e  p o w e r
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p e n a lty  is  as b ig  as a ro u n d  2 .5  d B  c o m p a r in g  w it h  th e  1.5 d B  p e n a lt ie s  a m o n g  o th e r 
cu rv e s . T h e re fo re , t h is  e x p e r im e n t  s h o w s  th a t in c r e a s in g  o f  th e  C S R  e f fe c t iv e ly  
d e c re a se s  th e  B r i l l o u in  th re sh o ld , a n d  re d u ce s  th e  o p t ic a l p o w e r  tha t c o u ld  be 
t ra n s m it te d  in  a r a d io - o v e r - f ib r e  d is t r ib u t io n  sy s te m .
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Figure 4-7: BER vs. Received Power
Figure 4-8: Eye diagrams when the received power is -8  dBm with CSR 15 dB
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In  o rd e r  to  fu r th e r  to  d e m o n s tra te  h o w  S B S  w i l l  d e g ra d e  th e  s ig n a l to  n o is e  q u a lity ,  
in  F ig u re  4 -8 , w e  s h o w  the  e y e -d ia g ra m s  w h e n  th e  re c e iv e d  p o w e r  is  -8 d B m  w it h  a 
C S R  o f  15 d B .
F ig .  4 -9  s h o w s  the  e y e -d ia g ra m s  w h e n  C S R  in c re a s e d  f r o m  15 d B  to  18 d B  (the  
re c e iv e d  p o w e r  is  s t i l l  a t -8 d B m ) . T h e  d e c re a se  o f  th e  e y e  a m p litu d e  is  d u e  to  the  
d e c re a se  o f  th e  s ig n a l s id e b a n d  p o w e r  (as w e  k n o w , w h e n  the  C S R  in c re a se s , the 
p e rc e n ta g e  o f  o p t ic a l  p o w e r  d e c re a se s  in  th e  d a ta  c a r r y in g  s id e b a n d , a n d  in c re a s e s  in  
th e  c a r r ie r ,  as th e  to ta l o p t ic a l  p o w e r  is  b e in g  k e p t  co n s ta n t) . F u r th e rm o re , th e re  is  
m o re  n o is e  s h o w n  w it h  th e  e y e  w h e n  th e  C S R  is  18 d B ,  w h ic h  m a k e s  th e  s ig n a l Q  
fa c to r  d e c re a se . T h is  is  b e ca u se  th e  S B S  p h e n o m e n o n  b e g in s  to  a p p e a r  s in c e  th e  
c a r r ie r  p o w e r  ju s t  e x c e e d s  it s  B r i l l o u in  th re sh o ld . T h e re fo re , t h is  e x p e r im e n t  sh o w s  
u s  th e  in f lu e n c e  o f  d if f e r e n t  C S R s .  B y  d e c re a s in g  th e  C S R  v a lu e ,  w e  m a y  e f f e c t iv e ly  
in c re a s e  th e  B r i l l o u in  th re s h o ld ;  th e re fo re  im p r o v e  th e  s y s te m  p e r fo rm a n c e  as w e l l.
Figure 4-9: Eye diagrams when the received power is -8 dBm with CSR 18 dB
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4 . 4  C o n c l u s i o n
In  t h is  ch a p te r , w e  in v e s t ig a te d  h o w  th e  m o d u la t io n  d e p th  o f  th e  o p t ic a l  m ic ro w a v e  
s ig n a l c a n  a f fe c t  th e  in f lu e n c e  o f  S B S  s y s te m  p e r fo rm a n c e . T h e  e x p e r im e n t  sh o w e d  
th a t in c r e a s in g  th e  m o d u la t io n  in d e x  in c re a s e s  th e  B r i l l o u in  th re s h o ld , as i t  is  
p r im a r i ly  th e  c a r r ie r  p o w e r  th a t  in d u c e s  th e  S B S  e f fe c t  d u e  to  it s  n a r r o w  l in e w id th .  
T h e  in c re a s e  in  m o d u la t io n  d e p th  c a n  b e  a c h ie v e d  b y  e m p lo y in g  a n  o p t ic a l f i l t e r  in  
th e  t ra n sm itte r .
T h u s ,  to  fu r th e r  re d u c e  th e  l im it a t io n s  o n  s y s te m  p e r fo rm a n c e  d u e  to  S B S ,  i t  m a y  b e  
a d v a n ta g e o u s  to  e m p lo y  an  o p t ic a l  f i l t e r  at th e  c e n t ra l s ta t io n  to  in c re a s e  the  
m o d u la t io n  d e p th  o f  th e  s ig n a l.  T h is  s o lu t io n  is  e s p e c ia l ly  a d v a n ta g e o u s  s in c e  the  
f i l t e r  c a n  f u l f i l  tw o  ta s k s  s im u lt a n e o u s ly ,  i.e . to  m o d if y  th e  C S R  to  ra is e  th e  B r i l l o u in  
th re s h o ld , as w e l l  as to  c o n v e r t  th e  t r a n s m is s io n  s ig n a l to  S S B  fo rm a t  to  o v e rc o m e  
d is p e r s iv e  fa d in g  o f  th e  R F  s ig n a l in  th e  f ib e r  l in k .
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A s  th e  d e m a n d  fo r  b ro a d b a n d  w ir e le s s  s e rv ic e s  s u ch  as v id e o -o n -d e m a n d  and  m o b ile  
c o m p u t in g  in c re a se s , th e  d e m a n d  fo r  b a n d w id th  is  g r o w in g  c o n s ta n t ly ,  f o r c in g  the  
c a r r ie r s  to  lo o k  fo r  n e w  w a y s  to  in c re a s e  th e  c a p a c it y  o f  th e  n e tw o rk s .  H e n c e , the 
n e e d  to  d e v e lo p  h ig h  c a p a c it y  w ir e le s s  c o m m u n ic a t io n  n e tw o rk s  w h ic h  a re  c a p a b le  
o f  d e l iv e r in g  b ro a d b a n d  s ig n a ls  to  r e m o te  a reas k e e p  in c re a s in g .  B e c a u s e  o f  the 
e m e rg in g  d e m a n d  fo r  b a n d w id th ,  fu tu re  w ir e le s s  a c ce ss  n e tw o rk s  a re  l ik e l y  to  u se  
h ig h  f r e q u e n c y  m ic r o w a v e  s ig n a ls  as th e  a c ce ss  m e d ia . M a n y  e x p e r ts  b e lie v e  that 
r a d io  is  c a p a b le  o f  d e l iv e r in g  h u g e  b a n d w id th ,  p r o v id in g  th a t re m o te  s ite s  can  be  
e n g in e e re d  c h e a p ly  e n o u g h  to  e n a b le  o p e ra to rs  to  in s t a l l  th o u s a n d s  o f  th em . H e n ce , 
r a d io - f r e q u e n c y  ( R F )  s ig n a ls  n e e d  to  b e  p ro c e s s e d  a n d  t ra n s m it te d  w it h  h ig h e r  
b a n d w id th  in  m a n y  a p p lic a t io n s .  H o w e v e r ,  th e  a t te n u a t io n  o f  R F  s ig n a ls  in  
t r a d it io n a l t ra n s m is s io n  m e d ia  in c re a s e s  r a p id ly  w h e n  th e  f r e q u e n c ie s  o f  th e  s ig n a l 
in c re a s e . O n  th e  o th e r  h an d , o p t ic a l  f ib e r  h a s  e m e rg e d  as a n  a lte rn a t iv e  and  
p r o m is in g  t r a n s m is s io n  m e d iu m  in  w h ic h  R F  m o d u la te d  o p t ic a l  c a r r ie r s  ca n  b e  
t ra n s m it te d  a n d  d is t r ib u te d  w it h  v e r y  lo w  lo s s . T h e  in te g ra t io n  o f  w ir e le s s  a n d  o p t ic a l 
n e tw o rk s  is  o n e  p o te n t ia l s o lu t io n  f o r  in c re a s in g  b o th  c a p a c it y  a n d  m o b i l i t y .  S u c h  
h y b r id  n e tw o rk s  b e n e f it  f r o m  th e  a d v a n ta g e s  o f  b o th  sy s tem s: o p t ic a l  f ib e r  p ro v id e s  a 
h ig h  c a p a c it y  m e d iu m  w it h  e le c t r o m a g n e t ic  in te r fe re n c e  im m u n it y  an d  lo w  
a t te n u a t io n , w h i le  r a d io  w i l l  e n a b le  b ro a d b a n d  d a ta  to  b e  d e l iv e r e d  to  th e  end -u se rs  
in  a  q u ic k ,  f le x ib le  an d  in e x p e n s iv e  m a n n e r . T h is  k in d  o f  h y b r id  r a d io / f ib e r  sy s tem  
o r  R a d io  o v e r  F ib e r  ( R o F )  s y s te m  p r o v id e s  g o o d  s y n e rg y  b e tw e e n  o p t ic s  an d  ra d io .
R a d io  o v e r  f ib e r  ( R o F )  s y s te m s  is  a v e r y  a t t ra c t iv e  o p t io n  to  r e a l iz e  su ch  b ro a d b a n d  
n e tw o rk s .  In  th e se  R o F  s y s te m s , th e  m ic r o w a v e  o r  m i l l im e t e r  w a v e  d a ta  s ig n a ls  are 
m o d u la te d  o n to  an  o p t ic a l  c a r r ie r  at a c e n t ra l lo c a t io n ,  a n d  th e n  d is t r ib u te d  to  rem o te  
s ite s  u s in g  o p t ic a l f ib e r . T h e  re m o te  s ite  c a n  th e n  t ra n s m it  th e  m ic r o w a v e  s ig n a ls  
o v e r  s m a l l  a reas u s in g  an ten n a . S u c h  a rc h ite c tu re  s h o u ld  p r o v e  to  b e  c o s t  e f f ic ie n t  
s in c e  i t  a l lo w s  s h a r in g  th e  t r a n s m is s io n  an d  p ro c e s s in g  e q u ip m e n t  b e tw e e n  m a n y  
r e m o te  s ite s .
In  th is  th e s is , w e  f i r s t  in t r o d u c e d  o p t ic a l c o m m u n ic a t io n  s y s te m s  and  ra d io  
c o m m u n ic a t io n  sy s te m s , th e n  p r o v id e d  a r e v ie w  o f  th e  R o F  s y s te m s  f o r  w ir e le s s  
a c c e s s  n e tw o rk s  in  c h a p te r  2.
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In  c h a p te r  3, w e  p ro p o s e d  a p r e - f i l t e r in g  m e th o d  to  o v e r c o m e  th e  S B S  n o n lin e a r  
e f fe c t  in  R o F  t ra n s m is s io n  s y s te m s  a n d  in v e s t ig a te d  th e  p o s s ib i l i t y  o f  p e r fo rm in g  
S in g le  S id e b a n d  ( S S B )  f i l t e r in g  to  s im u lt a n e o u s ly  o v e rc o m e  th e  e f fe c t s  o f  d is p e r s io n  
a n d  S B S  in  th e  t r a n s m is s io n  f ib e r .  T h e  e x p e r im e n t  s h o w e d  th a t  th e  p r e - f i l t e r in g  
m e th o d  c a n  f i l t e r  o u t  o n e  s id e  b a n d  as w e l l  as re d u ce  th e  e f fe c t  o f  S B S ,  w h ic h  is  
e x a c t ly  w h a t  w e  a n t ic ip a te d . T h e  r e d u c t io n  in  S B S  e f fe c t  in  th is  c a s e  is  p r im a r i ly  du e  
to  th e  r e d u c e d  s ig n a l p o w e r  la u n c h e d  in  th e  t r a n s m is s io n  f ib e r .
F u r th e rm o re ,  w e  in v e s t ig a te d  h o w  to  o v e r c o m e  the  l im it a t io n  o n  s y s te m  p e r fo rm a n c e  
c a u s e d  b y  S B S  e f fe c t  b y  c h a n g in g  th e  m o d u la t io n  d e p th  o f  o p t ic a l  m ic r o w a v e  s ig n a ls  
in  C h a p te r  4. T h e  e x p e r im e n ts  s h o w e d  th a t in c re a s in g  th e  m o d u la t io n  in d e x  in c re a se s  
th e  B r i l l o u in  th re s h o ld , as i t  is  p r im a r i l y  th e  c a r r ie r  p o w e r  th a t  in d u c e s  th e  S B S  e ffe c t  
d u e  to  it s  n a r ro w  l in e w id th .  T h e re fo re ,  b y  in c re a s in g  th e  m o d u la t io n  d e p th  o f  the  
o p t ic a l  m ic r o w a v e  s ig n a l at th e  t r a n s m it t e r  s id e  o f  a R a d io - o v e r - F ib e r  d is t r ib u t io n  
s y s te m , w e  c a n  re d u c e  th e  l im it a t io n s  o n  s y s te m  p e r fo rm a n c e  d u e  to  S B S ,  and  
m a x im iz e  th e  t r a n s m is s io n  p o w e r . T h is  is  im p o r ta n t  in  s y s te m s  th a t  e n c o u n te r  la rg e  
o p t ic a l  lo s s e s  d u e  to  la rg e  t r a n s m is s io n  le n g th s  b e tw e e n  c e n t ra l s ta t io n  a n d  rem o te , 
o r  th e  u s e  o f  m a n y  o p t ic a l  s p lit t e r s  to  fe e d  th e  o p t ic a l m ic r o w a v e  s ig n a l to  m a n y  
r e m o te  s ite s .
W e  h a v e  th u s  s h o w n  th a t b y  c o r r e c t  u s e  o f  an  o p t ic a l f i l t e r  p la c e d  at th e  t ra n sm it te r  
o f  th e  R o F  d is t r ib u t io n  s y s te m , w e  m a y  f u l f i l l  th re e  ta sk s  s im u lta n e o u s ly :
1. F i l t e r  o u t  o n e  s id e  b a n d  o f  th e  t ra n s m it te d  s ig n a l to  g e n e ra te  a  s in g le ­
s id e b a n d  s ig n a l,  w h ic h  w i l l  o v e rc o m e  the  c h r o m a t ic  d is p e r s io n  in d u c e d  
s ig n a l fa d in g .
2 . T o  in d u c e  in s e r t io n  lo s s  in to  th e  t ra n s m it te d  p o w e r ,  w h ic h  w a y  
d e c re a se  th e  r is k  o f  S B S .
3. T o  c h a n g e  th e  m o d u la t io n  d e p th  o f  th e  s ig n a l,  th u s  r e d u c in g  th e  
p o w e r  in  th e  c a r r ie r  ( w h ic h  is  m a in ly  r e s p o n s ib le  f o r  S B S  in  th e  p ro p a g a t io n  
o f  o p t ic a l  m ic r o w a v e  s ig n a ls ) .  T h is  w i l l  f u r th e r  in c re a s e  th e  B r i l l o u in  
th re sh o ld .
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A p p e n d i x  A  -  M a t l a b  C o d e
M a t la b  c o d e  fo r  F ig u r e  1-1 a n d  F ig u r e  1-2:
%%%%%%cd d :\ lin ghu \w o rk \d a fca% % % % %
% R e s is t a n c e  : 12 k  ohm 
% P I  {P o w e r - C u r r e n t ) c u r v e
% t h e  t e m p e r a t u r e  i s  s e t  a s  c o r r e s p o n d e n c e  t o  12 kohra 
% w a v e le n g t h  a t  1 5 5 0  run 
% u n i t  f o r  c u r r e n t :  mA 
% u n i t  f o r  P o w e r, w a t t  : mw 
% u n i t  f o r  P o w e r_d B ra  : dBm 
% u n i t  f o r  Im p e d a n c e  : kohm  
% u n i t  f o r  w a v e le n g t h  : nm
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%for P I  
curve%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
C u r r e n t  = [ 5 . 0 2  8 . 3 0  1 1 . 0 1  1 4 . 0 0  1 7 . 1 0  1 9 . 4 6  2 0 . 9 9  2 1 . 4 6  2 2 . 0 2  2 2 . 5 2
2 3 . 1 0  2 3 . 6 2  2 5 . 1 9  2 7 . 0 7  3 0 . 3 1  3 3 . 0 8  3 6 . 0 7  3 9 . 2 6  4 2 . 3 2  4 5 . 3 0  4 8 . 2 5
5 1 . 5 6  5 5 . 0 5  5 9 . 2 5  6 2 . 5 0  6 5 . 1 6  6 6 . 7 9 ] ;
P o w e r _ w a t t  = [ 0 . 0 0 0 5 1 3  0 . 0 0 1 0 4 1  0 . 0 0 1 6 8 0  0 . 0 0 2 8 0 7  0 . 0 0 4 8 0 0  0 . 0 0 7 4 6 6
0 . 0 1 6 8 0  0 . 0 5 8  0 . 1 1 6  0 . 1 6 7 9  0 . 2 2 7 6  0 . 2 8 2 3  0 . 4 4 7 1  0 . 6 4 6 7  0 . 9 9 5 8  1 . 3  
1 . 6 3 1  1 . 9 8 6  2 . 3 2 6  2 . 6 5 5  2 . 9 7 7  3 . 3 3 4  3.712 4 . 1 7  4 . 5 2 9  4 . 8 2 0  4 . 9 9 9 ] ;  
P o w e r_ d B m  = [ - 3 2 . 9  - 2 9 . 8 4  - 2 7 . 7 5  - 2 5 . 5 2  - 2 3 . 1 9  - 2 1 . 2 7  - 1 7 . 7 5  - 1 2 . 3 7
- 9 . 3 6  - 7 . 7 5  - 6 . 4 3  - 5 . 4 9  - 3 . 5 0  - 1 . 8 9  - 0 . 0 2  1 . 1 4  2.13 2 . 9 8  3 . 6 7  4 . 2 4  
4 . 7 4  5 . 2 3  5 . 6 9  6 . 2 0  6 . 5 6  6 . 8 3  6 . 9 9 ] ;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%for R e s i s t a n c e - w a v e l  e n g th  
c u r v e %%%%%%%%%%%%%%%%%%%%%
R e s i s t a n c e  = [ 8 . 0 7  9 . 0 1  1 0 . 0 1  1 1 . 0 0  1 2 . 0 0  1 3 . 0 1  1 4 . 0 2  1 5 . 0 2  1 6 . 0 0 ] ;
T e m p e r a t u r e  = [32 29  26  23 20  18 17 16 1 5 ] ;
W a v e le n g t h  = [ 1 5 5 1 . 7 1  1 5 5 1 . 3 9  1 5 5 1 . 0 9  1 5 5 0 . 8 3  1 5 5 0 . 5 9  1 5 5 0 . 3 7
1 5 5 0 . 1 5  1 5 4 9 . 9 7  1 5 4 9 . 7 9 ] ;
%%%%%%%%%%%%%%%%%%%plot f o r  P I
curve%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
f i g u r e (1)
%s u b p l o t ( 2 , 1 , 1 ) ;  
p l o t ( C u r r e n t , P o w e r _ w a t t ) ; 
t i t l e  ( ' P I - c u r v e ' ) ;  
x l a b e l  ( ' C u r r e n t ( m A ) ' )  
y l a b e l  ( 1 Pow er(m w ) 1) 
g r i d  o n ;
%%%%%%%%%%%%%%plot f o r  I m p e d a n c e - W a v e le n g t h  c u r v e
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
f i g u r e (2)
p l o t  ( T e m p e r a t u r e ,W a v e le n g t h ,  ' * - ' ) ;
t i t l e ( 1T e m p e r a t u r e - W a v e le n g t h  c u r v e  a t  5 8 . 1 1  m A ' ) ;  
x l a b e l  ( ' T e m p e r a t u r e  ( ^ o C ) ' )  
y l a b e l  ( ' W a v e l e n g t h  ( n m ) ' )  
g r i d  o n ;
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The Matlab-code for Figure 2-5:
%%%%%%cd d : \1inghu\work\mzmlOG%%%%%%%%%%%%%%%%%%%
%Res L s t a n c e  : 12 k  ohm
% t h e  t e m p e r a t u r e  i s  s e t  a s  c o r r e s p o n d e n c e  t o  .12 kohm 
% c u r r e n t  70  inA 
% w a v e le n g t h  a t  155  0 nm 
% u n i t  f o r  P o w e r  w a t t  : mw 
% u n i t  f o r  P o w e r_dB m  : dBm 
% u n i t  f o r  Im p e d a n c e  : kohm  
% u n i t  f o r  w a v e le n g t h  : nm
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%for B i a s  -po'.«jer 
curve%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
V o l t a g e  = [ - 1 5  - 1 4 . 5  - 1 4  - 1 3 . 5  - 1 3  - 1 2 . 5  - 1 2  - 1 1 . 5  - 1 1  - 1 0 . 5  - 1 0  -
9 . 5  - 9  - 8 . 5  - 8  - 7 . 5  - 7  - 6 . 5  - 6  - 5 . 5  - 5  - 4 . 5  - 4  - 3 . 5  - 3  - 2 . 5  - 2  - 1 . 5  
- 1  - 0 . 5  0 0 . 5  1 1 . 5  2 2 . 5  3 3 . 5  4 4 . 5  5 5 . 5  6 6 . 5  7 7 . 5  8 8 . 5  9 9 . 5
10 1 0 . 5  11  1 1 . 5  12 1 2 . 5  13 1 3 . 5  14 1 4 . 5  1 5 ] ;
P o w e r _ w a t t  = [ 1 . 6 1  1 . 5 0  1 . 3 5  1 . 1 6  0 . 9 6 2  0 . 7 4 0  0 . 5 2 1  0 . 3 2 6  0 . 1 7 1
0 . 0 5 5  0 . 0 0 4 5  0 . 0 2 4 1  0 . 0 9 9 5  0 . 2 2 4  0 . 3 9 6  0 . 6  0 . 8 2  1 . 0 5  1 . 2 6  1 . 4 4  1 . 5 8
1 . 6 6  1 . 6 8  1 . 6 5  1 . 5 5  1 . 4 1  1 . 2 4  1 . 0 2  0 . 7 9 1  0 . 5 7 5  0 . 3 1  0 . 1 6 6  0 . 0 5 6 1  
0 . 0 0 7 1 8  0 . 0 1 8 1  0 . 0 9 1 6  0 . 2 1 6  0 . 3 8 4  0 . 5 8 5  0 . 8 0 7  1 . 0 4  1 . 2 5  1 . 4 5  1 . 5 8
1 . 6 6  1 . 6 8  1 . 6 2  1 . 4 9  1 . 3 2  1 . 1 2  0 . 8 9 3  0 . 6 5 3  0 . 4 5  0 . 2 5 6  0 . 1 2 6  0 . 0 3 5 9  
0 . 0 0 3 6 7  0 . 0 2 8 5  0 . 1 0 2  0 . 2 2 7  0 . 3 9 5 ] ;
P o w e r_ d B m  = [ 2 . 0 7  1 . 7 7  1 . 3 2  0 . 6 5  - 0 . 1 7  - 1 . 3 3  - 2 . 8 1  - 4 . 8 9  - 7 . 6 1  -
1 2 . 6 3  - 2 3 . 4 9  - 1 6 . 2 4  - 9 . 9 9  - 6 . 5 3  - 4 . 0 1  - 2 . 2 3  - 0 . 8 4  0 . 2  0 . 9 9  1 . 5 9  1 . 9 7  
2 . 1 8  2 . 2 6  2 . 1 8  1 . 9 0  1 . 4 9  0 . 9 0  0 . 1 0  - 1 . 0 4  - 2 . 3 8  - 5 . 0 6  - 7 . 9 1  - 1 2 . 4 0  -
2 1 . 5 6  - 1 7 . 5 1  - 1 0 . 3 6  - 6 . 7 1  - 4 . 1 1  - 2 . 3 9  - 0 . 8 8  0 . 1 5  0 . 9 8  1 . 6 0  1 . 9 9  2 . 2 1  
2 . 2 4  2 . 1 1  1 . 7 2  1 . 2 2  0 . 4 8  - 0 . 5 2  - 1 . 8 2  - 3 . 5 1  - 5 . 9 0  - 9 . 1 4  - 1 4 . 4 0  - 2 4 . 4 4  
- 1 5 . 5  - 9 . 8 7  - 6 . 5 4  - 4 . 0 2 ] ;
%%%%%%%%%%%%%%%%%%%plot f o r  P I
curve%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
f i g u r e ( 1 ) 
s u b p l o t ( 2 , 1 , 1 ) ;
p l o t ( V o l t a g e , P o w e r _ w a t t ,  ' * - ' ) ;
t i t l e ( ' B i a s  V o l t a g e - p o w e r  c u r v e  ( R e s i s t a n c e  1 2 ko hm , C u r r e n t  7 0 m A ) ' ) ;
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x l a b e l  ( ! V o l t a g e  (V) ' ) 
y l a b e l  ( ’ P o w e r ( m w ) ' ) 
g r i d  o n ;
s u b p l o t ( 2 , 1 , 2 ) ;  
p l o t ( V o l t a g e , P o w e r _ d B m ,  
x l a b e l  ( 1 V o l t a g e ( V )  ' )  
y l a b e l  ( ‘ P o w e r  ( d B m )1) 
g r i d  o n ;
Below is Ihe Matlab-code for Figure 4-5:
%%%%%%cd
d : \ ]  .ingtau\wo'rk\modeepth%%%%%%%%%%%%%%%%%%%%%%%%*%%%%*%%%%%%%%%%%%fc’i  s 
%
% R e s i s t a n c e  : 12 kohm
% t h e  t e m p e r a t u r e  i s  s e t  a s  c o r r e s p o n d e n c e  t o  12 kohm  
% t h e  o p t i c a l  p o w e r  s e t  a t  t h e  d e t e c t o r  i s  3 dBm 
% w a v e le n g t h  a t  1.550 nm 
% u n i t  f o r  P o w e r _ w a t t  : mw 
% u n i t  f o r  P o w e r_ d B m  : dBm 
% u n i t  f o r  Im p e d a n c e  : kohm 
% u n i t  f o r  w a v e le n g t h  : nm 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%**%*% 
%%%%%%%%%%%
D e p th  = [ 1 . 8  3 . 2  5 . 0  7 . 0  9 . 0  11 1 2 . 8  15 1 7 . 2  1 9 . 2  21  2 2 . 4  2 3 . 6 ] ;
%% W it h o u t  S B S ,  o p t i c a !  p o w e r  6 dBm .
SNR1 = [ 2 4 . 1 9  2 4 . 1 3  2 3 . 7 7  2 4 . 0 1  2 3 . 8 0  2 3 . 7 3  2 4 . 2 4  2 3 . 8 7  2 4 . 3 4  2 3 . 8 9  
23  . 82 24 . 4 1  23  . 7 2 ]  ;
Q1 = S N R l / 2 ;
%BER1 = (e x p ( (  0 . 5 ) * ( S N R 1 . " 2 ) ) ) . / ( (  ( 2 * p i ) " 0 . 5 )  *SNR1)
%% W i t h  SBS ,  o p t i c a l  p o w e r  1 2 . 5  dBm m ax im um .
SNR2 = [ 2 3 . 4 4  2 3 . 3 1  2 3 . 4 5  2 3 . 4 0  2 3 . 2 8  2 2 . 0 3  2 1 . 2 3  2 0 . 4 0  1 7 . 8 5  1 7 . 1 7  
1 6 . 6 9  1 5 . 4 4  1 4 . 4 7 ]  ;
Q2 = S N R 2 / 2 ;
%BER2 = ( e x p ( (  0 . 5 ) * ( S N R 2 . A2 ) ) ) . / ( ( ( 2 * p i ) A0 . 5 ) * S N R 2 )  
%%%%%%%%%%%%%*%%%*%plot f o r
curve%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%*%%%%%% 
f i g u r e ( 1 ) ;  
h o l d  o n ;
p l o t ( D e p t h , Q l ,  1k d - 1) ;
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p l o t ( D e p t h , Q 2 , ' k s - ' ) ;
g r i d  o n ;
t i t l e ( ' CSR v s .  Q f a c t o r 1) ;
x l a b e l  ( ' C a r r i e r  t o  S id e b a n d  R a t i o  ( d B ) ' ) ;  
y l a b e l  ( 'Q  f a c t o r ' ) ;
l e g e n d  ( 16 dBm 1, ' 1 2 . 5  d B m ' ) ;
1 0 2
Below is the Matlab-code for Figure 4-6 and Figure 4-7:
d :  \ l i nghu\work\modeepth%%*%%%%%%*%l,%%%'6 %%%?;**%%%&*%% %%%%%%%%*%%%%%£% 
%
% R e s i s t a n c e  : 12 kohm
% t h e  t e m p e r a t u r e  i s  s e t  a s  c o r r e s p o n d e n c e  t o  12 kohm 
% t h e  o p t i c a l  p o w e r  s e t  a t  t h e  d e t e c t o r  i s  3 dBm 
% w a v e le n g t h  a t  1.550 nm 
% u n i t  f o r  P o w e r _ w a t t  : mw 
% u r i t  f o r  P o w e r_ d B m  : dBm 
% u n i t  f o r  Im p e d a n c e  : kohm  
% u n i t  f o r  w a v e le n g t h  : nm 
%%%%%%%%%%%%%%%%■%%%%%%■%%%%%%%%%%»%%%%%%%%%%%%%%%*%%%■%%%%%%%%%%%%%%%% 
%%%%%%%%%%%
p o w e r1 = [ - 8  -1 0  -1 2  -1 4  - 1 6 ] ;
p o w e r2  = [ - 6  - 8  - 1 0  -1 2  - 1 4 ] ;  
p o w e r3  = [ - 4  - 6  - 8  - 1 0  - 1 2 ] ;  
p o w e r4  = [ - 2  -4  -6  - 8  - 1 0 ] ;  
p o w e r5  = [0  - 2  - 4  - 6  - 8 ] ;
S N R l = [ 1 2 . 7 4 10 . 58 7 . 4 6 5 . 04 3 . 1 2 ] ;
SNR2 = [ 1 2 . 8 8 1 1 . 4 2 8 . 6 2 5 . 8 3 3 . 7 7 ]  ;
SNR3 = [ 1 2 . 3 8 10 . 80 8 . 20 5 . 5 6 3 . 5 0 ]  ;
SNR4 = [ 1 2 . 8 2 11 . 7 0 9 . 4 6 6 . 8 4 4 . 5 5 ]  ;
SNR5 = [ 1 2 . 8 4 1 1 . 7 7 1 0 . 3 1  8 . 0 0 5 . 3 8 ]  ;
Q l = SN R l / 2  ;
Q2 = SNR2 /  2 ;
Q3 = SNR 3 /  2 ;
Q4 = SNR4 /  2 ;
Q5 = SNR 5 /  2 ;
%%%%%%%%%%%%%%%%%%%%%%%%%Bit E r r o r  
R a t 6 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
BER1 = ( e x p ( ( - 0 . 5 ) * ( Q l . " 2 ) ) ) . / ( ( ( 2 * p i ) " 0 . 5 ) * Q 1 ) ; 
BER2 = ( e x p ( ( - 0 . 5 ) * ( Q 2 . * 2 ) ) ) . / ( { ( 2 * p i ) " 0 . 5 ) * Q 2 ) ; 
BER3 = ( e x p ( ( - 0 . 5 ) * ( Q 3 . " 2 ) ) ) . / ( ( ( 2 * p i ) A0 . 5 ) * Q 3 ) ;
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BER4 = ( e x p ( ( - 0 . 5 ) * ( Q 4 . " 2 )  ) ) . / ( (  ( 2 * p i ) " 0 . 5 ) *Q4) ;
BER5 = ( e x p ( ( - 0 . 5 ) * ( Q 5 . " 2 ) ) ) . / ( ( ( 2 * p i ) " 0 . 5 ) * Q 5 ) ;
%%%%%%%%%%%%%%%%|j%%plOt f o r
q.urve%%%%%*%%%%%%%:$ %%%%%%%%%%%%%%%%%%%%%% %%%%%'%%% 
f i g u r e ( 1 ) ;  
h o l d  o n ;
p l o t ( p o w e r l , Q 1 , ' k + - ' ) ;  
p l o t ( p o w e r 2 , Q 2 , ' k*  ' ) ; 
p l o t ( p o w e r 3 , Q 3 , ' k s  - ' )  ; 
p l o t ( p o w e r 4 , Q 4 , ' k o - ' ) ;  
p l o t ( p o w e r 5 , Q 5 , ' k d  ' ) ;  
g r i d  o n ;
t i t l e ( ' R e c e i v e d  P o w e r  v s .  Q f a c t o r  ( O p t i c a l  p o w e r  1 2 . 5  d B m ) ' ) ;  
x l a b e l  ( 1 R e c e i v e d  P o w e r ( d B m ) 1) ; 
y l a b e l  ( 'Q  f a c t o r ' ) ;
le g e n d  ( ' 1 2 d B ' ,  ' 1 5 d B ' , ' 1 8 d B ' ,  ' 2 1 d B ' , ' 2 4 d B ' ) ;
h o ld  o f f ;
f i g u r e ( 2 ) ;
s e m i l o g y ( p o w e r l , B E R 1 , 1k + - ' ) ;  
h o l d  o n ;
s e m i l o g y ( p o w e r 2 , B E R 2 , 1k * - ' ) ;  
s e m i l o g y ( p o w e r 3 , B E R 3 , ' k s  - ' )  ; 
s e m i l o g y ( p o w e r 4 , B E R 4 , ' k o - 1) ;  
s e m i l o g y ( p o w e r s , B E R 5 , ' k d - ' )  ;
g r i d  o n ;
t i t l e ( ' BER v s .  R e c e iv e d  P o w e r ' ) ;  
x l a b e l  ( ' R e c e i v e d  P o w e r ( d B m ) ' ) ;  
y l a b e l  ( ' B i t  E r r o r  R a t e ' ) ;
le g e n d  ( ' 1 2 d B ' , ' 1 5 d B ' , ' 1 8 d B ' ,  ' 2 1 d B ' , ' 2 4 d B ' ) ;
h o ld  o f f ;
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A b s t r a c t
W i t h  th e  in c re a s in g  d e m a n d  fo r  b ro a d b a n d  s e rv ic e s ,  i t  is  e x p e c te d  th a t  r a d io  o v e r  
f ib e r  ( R o F )  s y s te m s  m a y  b e  e m p lo y e d  to  p r o v id e  h ig h  c a p a c it y  w ir e le s s  a c ce ss  
n e tw o rk s . In  th is  k in d  o f  sy s te m , m ic r o w a v e  d a ta  s ig n a ls  a re  m o d u la te d  o n to  v a r io u s  
o p t ic a l  c a r r ie r s  at a  c e n t ra l c o n t r o l s ta t io n , a n d  th e n  d is t r ib u te d  to  re m o te  s ite s  u s in g  
o p t ic a l  f ib re s .
A  m a jo r  p r o b le m  w it h  th e  s y s te m  d e s c r ib e d  a b o v e , is  th a t s ta n d a rd  a m p litu d e  
m o d u la t io n  o f  th e  o p t ic a l  c a r r ie r  g e n e ra te s  D o u b le  S id e - B a n d  ( D S B )  s ig n a ls .  I f  su ch  
s ig n a ls  a re  t ra n s m it te d  o v e r  f ib e r ,  c h r o m a t ic  d is p e r s io n  w o u ld  c a u se  e a ch  s id e  b an d  
to  e x p e r ie n c e  a d if fe r e n t  p h a se  s h if t  d e p e n d in g  o n  the  f ib e r - l in k  d is ta n c e , m o d u la t io n  
f r e q u e n c y ,  a n d  f ib r e  d is p e r s io n .  I f  th e  p h a se  d if fe r e n c e  at th e  r e c e iv e r  e q u a ls  jt, th e  
tw o  s id e  b a n d s  w o u ld  in te r fe r e  d e s t r u c t iv e ly  c a u s in g  fa d in g  o f  th e  r e c e iv e d  s ig n a l. 
C h r o m a t ic  d is p e r s io n  e f fe c t s  c a n  b e  r e d u c e d  b y  e l im in a t in g  o n e  s id e b a n d  to  p ro d u c e  
a n  o p t ic a l  c a r r ie r  w it h  a s in g le  s id e b a n d  ( S S B ) .  T h is  c o u ld  b e  a c h ie v e d  b y  u s in g  an  
o p t ic a l  f i l t e r  to  f i l t e r  o u t  o n e  s id e  b an d .
A n o t h e r  p r o b le m  c o m e s  in  R o F  s y s te m s  m a y  c o m e  f r o m  S t im u la te d  B r i l l o u in  
S c a t te r in g  ( S B S ) .  S B S  is  an  in te r a c t io n  b e tw e e n  l ig h t  a n d  so u n d  w a v e s  in  th e  f ib e r , 
w h ic h  c a u se s  f r e q u e n c y  c o n v e r s io n  a n d  r e v e rs a l o f  th e  p ro p a g a t io n  d ir e c t io n  o f  l ig h t .  
O n c e  th e  B r i l l o u in  th re s h o ld  is  re a ch e d , i t  is  a p ro c e s s  th a t le a d s  to  a d o m in a n t  
n o n l in e a r it y  in  s in g le -m o d e  o p t ic a l  f ib r e  w h ic h  c a n  p ro d u c e  s ig n if ic a n t  n o is e  o n  th e  
r e c e iv e d  o p t ic a l  s ig n a l.  T h e re fo re ,  i t  s e v e re ly  l im it s  th e  o p t ic a l p o w e r  th a t c o u ld  b e  
t ra n s m it te d  th ro u g h  a f ib e r  a n d  it  is  d e t r im e n ta l f o r  o p t ic a l  c o m m u n ic a t io n  sy s te m s . 
S B S  c a n  a ls o  b e  re d u c e d  b y  th e  f i l t r a t io n  c a r r ie d  o u t at th e  t r a n s m it te r  (p re - f i l te r in g ) .  
S in c e  th e  o p t ic a l  f i le r  fu n c t io n s  to  e l im in a te  o n e  s id e b a n d  a n d  in d u c e s  in s e r t io n  lo s s , 
th e  o p t ic a l  p o w e r  to  b e  la u n c h e d  in to  th e  t r a n s m is s io n  f ib e r  f a l ls  s h a rp ly  a n d  so  d o e s  
th e  r i s k  o f  S B S .
In  t h is  p a p e r , w e  in v e s t ig a te  th e  p o s s ib i l i t y  o f  p e r fo rm in g  S S B  f i l t e r in g  to  
s im u lt a n e o u s ly  o v e r c o m e  th e  e f fe c ts  o f  d is p e r s io n  a n d  S B S  in  th e  t r a n s m is s io n  f ib re . 
T h e  s y s te m  p e r fo rm a n c e  is  v e r if ie d  f o r  S S B  p r e - f i l t e r in g  a n d  c o m p a re d  w it h  th e  ca se  
w h e re  th e  f i l t r a t io n  is  p e r fo rm e d  at th e  r e c e iv e r  (p o s t - f i l te r in g ) .  T h e  re s u lt s  s h o w  tha t 
th e  p r e - f i l t e r in g  c a n  f i l t e r  o u t  o n e  s id e  b a n d  as w e l l  as to  a v o id  th e  e f fe c t  o f  S B S  b y  
r e d u c in g  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  t r a n s m is s io n  f ib re .
K e y w o r d s
Radio over Fiber (RoF), Single Side Band (SSB), Stimulated Brillouin Scattering 
(SBS), Fibre Bragg Grating (FBG).
1. I n t r o d u c t io n  to  R a d io  o v e r  F ib e r  ( R o F )
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R o F  is  a  t e c h n o lo g y  u s e d  to  d is t r ib u te  R F  s ig n a ls  o v e r  a n a lo g  o p t ic a l  l in k s .  T h e  R o F  
t e c h n o lo g y  e n a b le s  the  g e n e ra t io n  o f  m il l im e t r e -w a v e  s ig n a ls  w it h  e x c e l le n t  
p ro p e r t ie s .  It o f fe r s  th e  a d v a n ta g e s  o f  lo w  lo s s , h u g e  b a n d w id th ,  h ig h  s e c u r ity ,  and  
im m u n it y  to  e le c t ro m a g n e t ic  in te r fe re n c e . F o r  o p t ic a l f ib e r  c o m m u n ic a t io n s ,  the  lo w  
a t te n u a t io n  w in d o w s  a t 1.3 u m  a n d  1 . 55 u m  h a v e  b a n d w id th s  a ro u n d  0.1 um . I f  th e se  
o p t ic a l b a n d w id th s  a re  c o n v e r te d  to  f r e q u e n c y  ra n g e , i t  is  a p p r o x im a te ly  e q u iv a le n t  
to  a  to ta l b a n d w id th  o f  3 0 0 0 0  G H z  [1],
T h e  b a s ic  R o F  s y s te m  is  a b i- d ir e c t io n a l a n a lo g  f ib e r  o p t ic  l in k  a n d  c o n s is ts  o f  a 
la s e r /p h o to d io d e  p a ir  at e a ch  s ite  o f  th e  l in k ,  and  t ra n s m it t in g  a n d  r e c e iv in g  an tennas  
at th e  re m o te  b a se  s ta t io n s . S ig n a ls  a re  g e n e ra te d  at a c e n t ra l c o n t r o l s ta t io n  an d  th en  
d is t r ib u te d  to  b a se  s ta t io n s  u s in g  s in g le -m o d e  o p t ic a l f ib e r s ,  as s h o w n  in  f ig u r e  1. 
T h e  c o n t r o l s ta t io n , w h ic h  fe e d s  m a n y  b a se  s ta t io n s  a re  r e s p o n s ib le  f o r  o p t ic a l-  
e le c t r ic a l (o /e ) a n d  e le c t r ic a l- o p t ic a l  (e /o ) c o n v e rs io n s ,  as w e l l  as u p - c o n v e rs io n ,  
d o w n - c o n v e r s io n ,  a n d  p r o c e s s in g  o f  th e  e le c t r ic a l  d a ta  s ig n a ls .  A t  the  re m o te  base  
s ta t io n s , o /e  a n d  e/o  c o n v e r te r s  a re  e m p lo y e d . T h e  o/e c o n v e r te r s  c o n v e r t  o p t ic a l 
s ig n a ls  r e c e iv e d  f r o m  th e  c o n t r o l s ta t io n  to  R F  s ig n a ls  an d  th e n  fo rw a r d  th e m  u s in g  
the  a n te m ia s  to  th e  e n d  u se rs . O n  th e  o th e r  h an d , the  e/o c o n v e r te r s  c o n v e r t  the  R F  
s ig n a ls  g o t te n  f r o m  th e  a n te n n a s  to  o p t ic a l  s ig n a ls  th a t a re  th e n  t ra n s la te d  to  the 
c o n t r o l s ta t io n  [2],
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F ig u r e  1. T y p ic a l  la y o u t  o f  R o F  s y s te m
2. C h r o m a t ic  D is p e r s io n  In d u ce d  F a d in g  E f f e c t
C h r o m a t ic  d is p e r s io n  is  th e  b ro a d e n in g  o f  an  in p u t  o p t ic a l s ig n a l as it  t ra v e ls  a lo n g  
the  le n g th  o f  th e  f ib e r .  C h r o m a t ic  d is p e r s io n  p h e n o m e n o n  o c c u r s  b e ca u se  d if fe re n t  
w a v e le n g th s  w i l l  p ro p a g a te  a t d if f e r e n t  sp e ed s  a lo n g  the  le n g th  o f  th e  f ib e r .
In  c o n v e n t io n a l in te n s it y  m o d u la t io n ,  th e  o p t ic a l c a r r ie r  is  m o d u la te d  to  g e n e ra te  an 
o p t ic a l  s ig n a l w it h  d o u b le  s id e b a n d  ( D S B )  [3]. I f  th e  s ig n a ls  a re  t ra n s m it te d  o v e r  the  
f ib e r ,  c h r o m a t ic  d is p e r s io n  c a u se s  e a c h  s id e b a n d  to  e x p e r ie n c e  d if fe r e n t  p h a se  s h if t  
d e p e n d in g  o n  th e  f ib e r - l in k  d is ta n c e  a n d  m o d u la t io n  f r e q u e n c y , p r o d u c in g  a ph ase  
d if f e r e n c e  b e tw e e n  the  tw o  b e a t  s ig n a ls  g e n e ra te d  at th e  d e te c to r . W h e n  th e  p h a se  
d if f e r e n c e  b e tw e e n  th e  tw o  s id e b a n d s  is  k, th e  R F  s ig n a ls  w i l l  b e  c o m p le te ly
1 0 7
c a n c e l le d  ou t. A s  th e  R F  f r e q u e n c y  o r  f ib e r - l in k  d is ta n c e  in c re a s e s , th is  e f fe c t  is  e ven  
m o re  s e v e re  a n d  l im it s  th e  s y s te m  p e r fo rm a n c e  [4],
S in c e  c h r o m a t ic  d is p e r s io n  m a k e s  u p p e r  a n d  lo w e r  s id e b a n d  s u b c a r r ie r  e x p e r ie n c e  
d if fe r e n t  p h a se  s h if t ,  i t  is  a  c r i t ic a l  p r o b le m  fo r  R F  t r a n s m is s io n .  It h a s  b e en  sh o w n  
tha t th is  p h e n o m e n o n  c a n  s ig n if i c a n t ly  l im it  th e  t ra n s m is s io n  d is ta n c e  o pe ra ted  
a b o v e  2 0 G H z .  F o r  e x a m p le , in  an  e x t e r n a l ly  m o d u la te d  f ib e r  l in k  o p e ra te d  at 2 0  
G H z ,  th e  d e te c te d  R F  p o w e r  d e g ra d e s  3 d B  f o r  a d is ta n c e  o f  6 k m ;  w h i le  o pe ra ted  at 
6 0  G H z ,  th e  d e te c te d  p o w e r  d e g ra d e s  3 d B  fo r  o n ly  0 .7  k m  [5], A t  6 0 G H z ,  w it h  a 
s ta n d a rd  s in g le -m o d e  f ib e r  o f  d is p e r s io n  17 p s /k m .n m , a  1 d B  p e n a lt y  is  in d u c e d  
a fte r  le s s  th a n  5 0 0 m  t ra n s m is s io n s ,  a n d  th e  re c e iv e d  s ig n a l is  c o m p le te d  e x t in c t  a fte r
1 k m  [6],
C h r o m a t ic  d is p e r s io n  e f fe c ts  c a n  b e  r e d u c e d  a n d  a lm o s t  t o t a l ly  o v e rc o m e  in  R o F  
s y s te m s  b y  e l im in a t in g  o n e  s id e b a n d  to  p ro d u c e  an o p t ic a l  c a r r ie r  w it h  s in g le  
s id e b a n d  ( S S B )  m o d u la t io n  [4 ], w h ic h  is  c a l le d  o p t ic a l s in g le  s id e b a n d  ( O S S B )  
t ra n s m is s io n .  T h e re fo re , t r a n s m is s io n  o f  th e  o p t ic a l c a r r ie r  a n d  ju s t  o ne  o f  the  
s id e b a n d s  p re v e n ts  in te r fe re n c e  a n d  th e  a s s o c ia te d  R F  p o w e r  fa d in g . E x p e r im e n t  
s h o w e d  tha t, a lth o u g h  th e  o p t ic a l  s ig n a ls  a re  D S B ,  th e  c o r re c t  p o s it io n in g  o f  a B r a g g  
f i le r  at th e  r e c e iv e r  b a s e -s ta t io n  c o u ld  e l im in a te  o n e  o f  th e  s id e b a n d s  an d  im p ro v e  the  
q u a l i t y  o f  s ig n a l s ig n if ic a n t ly  [7 ].
3 . S t im u la te d  B r i l l o u in  S c a t te r in g  ( S B S )  E f f e c t
S t im u la t e d  B r i l l o u in  S c a t te r in g  ( S B S )  is  m a n ife s ts  d u e  to  a c o u s to o p t ic  f lu c tu a t io n s  
v ia  e le c t r o s t r ic t io n .  T h e  in c id e n t  p u m p  w a v e  g ene ra te s  a c o u s t ic  w a v e s  th ro u g h  the  
p ro c e s s  o f  e le c t r o s t r ic t io n ,  w h ic h  i n  tu rn  c a u se s  a p e r io d ic  m o d u la t io n  o f  th e  
r e f r a c t iv e  in d e x  [8]. O n c e  th e  B r i l l i o n  th re s h o ld  is  re a ch e d , a la rg e  p a r t  o f  th e  p u m p  
p o w e r  is  t ra n s fe r re d  to  th e  S to k e s  w a v e  [9 ].
T h e  p ro c e s s  o f  S B S  c a n  b e  d e s c r ib e d  c la s s ic a l ly  as a p a ra m e tr ic  in te ra c t io n  a m o n g  
th e  in c id e n t  p u m p  w a v e , th e  S to k e  w a v e ,  a n d  an  a c o u s t ic  w a v e . T h e  p u m p - in d u c e d  
in d e x  g ra t in g  sca tte rs  th e  p u m p  l ig h t  th ro u g h  B r a g g  d i f f r a c t io n  [10] ,  S ca tte re d  l ig h t  
is  d o w n s h if t e d  in  f r e q u e n c y  b e c a u s e  o f  th e  D o p p le r  s h if t  a s s o c ia te d  w it h  a g ra t in g  
m o v in g  at th e  a c o u s t ic  v e lo c i t y .  H e n c e ,  a  S to k e s  w a v e  is  g e n e ra te d  d o w n s h if t e d  f r o m  
th e  f r e q u e n c y  o f  th e  in c id e n t  p u m p  w a v e  a n d  th e  f r e q u e n c y  s h if t e d  is  d e te rm in e d  b y  
th e  n o n l in e a r  m e d iu m .
T h e  sa m e  s c a t te r in g  p ro c e s s  c a n  b e  v ie w e d  q u a n tu m -m e c h a n ic a l ly  as i f  a n n ih i la t io n  
o f  an  in c id e n t  p u m p  p h o to n  c e ra te s  a  S to k e s  p h o to n  a n d  an  a c o u s t ic  p h o n o n  
s im u lt a n e o u s ly .  S in c e  b o th  th e  e n e rg y  a n d  th e  m o m e n tu m  m u s t  b e  c o n s e rv e d  d u r in g  
e a c h  s c a t te r in g  e ven t, th e  f r e q u e n c ie s  a n d  th e  w a v e  v e c to r s  o f  th e  th re e  w a v e s  are  
re la te d  b y
W h e re  m A, fzr^and 0T5 a re  th e  f r e q u e n c ie s  o f  th e  a c o u s t ic  w a v e , th e  in c id e n t  p u m p  
w a v e  an d  the  S to c k s  w a v e ;  kA , k a n d  ks a re  th e  w a v e  v e c to r s  o f  th e  a c o u s t ic  w a ve , 
th e  in c id e n t  p u m p  w a v e  an d  the  S to c k s  w a v e , r e s p e c t iv e ly  [8].
I n  a  s in g le -m o d e  o p t ic a l f ib e r  th e  o n ly  r e le v a n t  d ir e c t io n s  a re  o n ly  th e  fo rw a rd  and  
th e  b a c k w a rd  d ir e c t io n s . W h e n  th e  s c a t te r in g  a n g le  0 = it, th e  s h if t  re a ch e s  the  
m a x im u m  v a lu e . T h e re fo re , th e  o n e -d im e n s io n a l g u id in g  n a tu re  o f  o p t ic a l  f ib e r s  o n ly  
a l lo w s  o b s e r v a t io n  o f  th e  S to k e s  w a v e  in  th e  b a c k w a rd  a n d  th e  f r e q u e n c y  d if fe re n c e  
b e tw e e n  the  in c id e n t  w a v e  a n d  th e  S to k e  w a v e  oB is  g iv e n  b y
2 nVA
iT * - ,  (3 )
p
w h e re  Ap, n , a n d  VA a re  th e  w a v e le n g th  o f  th e  in c id e n t  p u m p , th e  re f ra c t iv e  in d e x  
o f  th e  co re , and  th e  s o u n d  v e lo c i t y  in s id e  th e  m a te r ia l,  r e s p e c t iv e ly  [10] .  I f  w e  u se  
th e  v a lu e s  a p p ro p r ia te  f o r  s i l i c a  f ib e r s ,  s u c h  as VA = 5 .9 6  k m /s  a n d  n T .45,  w e  c a n  
get  vB = 1 1 . 1  G H z  at  Xp = 1 . 55 u m  [8],
U n d e r  p ro p e r  c o n d it io n s  S B S  w i l l  b e  th e  d o m in a n t  n o n l in e a r  p ro c e s s . It c o n v e rts  the 
t ra n s m it te d  s ig n a l in  th e  f ib e r  to  a  b a c k w a rd  s ca tte re d  o ne , d e c re a s e  th e  q u a li t y  o f  the  
s ig n a ls  th a t a re  t ra n s m it te d  in  th e  f ib e r  a n d  th u s  se ts a l im i t  to  th e  to ta l f ib e r  in je c te d  
p o w e r  [11],
4 . E x p e r im e n ta l  se tup  an d  re su lt s
h i  t h is  p a p e r , w e  e x p e r im e n ta l ly  in v e s t ig a te  th e  p o s s ib i l i t y  o f  p e r fo rm in g  o p t ic a l 
f i l t e r in g  to  o v e rc o m e  the  e f fe c ts  o f  c h r o m a t ic  d is p e r s io n  a n d  S B S  s im u lt a n e o u s ly  in  
th e  t r a n s m is s io n  f ib re . T h e  s y s te m  p e r fo rm a n c e  is  v e r if ie d  fo r  S S B  p r e - f i l t e r in g  and  
c o m p a re d  w it h  th e  c a se  w h e re  th e  f i l t r a t io n  is  p e r fo rm e d  at th e  r e c e iv e r  (p o st- 
f i l t e r in g ) .
T h e  e x p e r im e n t  w e  se t u p  is  s h o w n  in  F ig u r e  2. A  1 5 5 . 5 2 0  M b it / s  N R Z  da ta  s tream  
f r o m  an  A n r i t s u  p a tte rn  g e n e ra to r  is  i n i t i a l l y  p a s se d  th ro u g h  a 1 1 7 - M H z  lo w -p a s s  
f i l t e r  to  m in im iz e  th e  b a n d w id th  o f  th e  d a ta  s ig n a l. T h e n  th e  s ig n a l is  m ix e d  w it h  a 
R F  c a r r ie r  o f  18 G H z  to  g e n e ra te  b in a r y  p h a s e - s h if t  k e y in g  ( B P S K )  d a ta  s ig n a ls . T h e  
e m is s io n  w a v e le n g th s  o f  th e  la s e rs  (a ro u n d  1 5 5 0  n m ) c a n  b e  s l ig h t ly  a lte re d  and  set 
to  s p e c i f ic  v a lu e s  b y  th e  te m p e ra tu re  c o n t r o l o f  th e  d io d e s . W e  u se  tw o  in l in e  p o w e r  
m e te rs  th a t in c lu d e  tu n a b le  a t te n u a to rs  (see  th e  p o s it io n s  B  a n d  D )  to  s h o w  and  
a d ju s t  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  r e e l a n d  th e  p h o to d io d e ,  re s p e c t iv e ly .  
A t  p o s it io n s  A  and  C ,  w e  le a v e  th e  p la c e s  fo r  th e  in s e r t in g  o f  th e  B r a g g  g ra t in g  
( o p t ic a l  f i l t e r )  a c c o rd in g  to  th e  e x p e r im e n t  d e m a n d s . S o m e  p a ra m e te rs  fo r  th is  
e x p e r im e n t  are:
T w o  s ta n d a rd  s in g le -m o d e  f ib e r  re e ls  o f  d is p e r s io n  a ro u n d  17 p s / k m .n m  at 1550  nm , 
e a c h  o n e  is  as lo n g  as 1 2 6 7 0  m .
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B r a g g  g ra t in g  ( o p t ic a l f i lt e r ) :  J D S  U n ip h a s e  T C  0 0 1 2 1 1 .  T h e  f r e q u e n c y  re sp o n se  o f  
th e  B r a g g  f i l t e r  is  s h o w n  in  f ig u r e  3. It is  a  B a n d -S to p  o p t ic a l  f i l t e r  i f  u sed  in  
t r a n s m is s io n  m e th o d  in s te a d  o f  r e f le c t io n  m e th o d .
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F ig u re  2 . T h e  e x p e r im e n t  se t u p
F ig u r e  3 . F r e q u e n c y  re s p o n s e  o f  th e  B r a g g  f i l t e r  u s e d  in  t r a n s m is s io n  m e th o d  
4 .1  M e a s u r e  B r i l l i o n  T h re s h o ld
In  o rd e r  to  m e a su re  th e  B r i l l i o n  th re s h o ld , w e  do  n o t  n e e d  a n y  B r a g g  g ra t in g  in  the  
s y s te m , w h ic h  m e a n s  th a t, at th e  p o s it io n  A  a n d  C ,  i t  i s  o n ly  f ib e r  p a t c h  c o rd s  to  be  
u sed . W e  m a k e  u se  o f  o n e  f ib e r  r e e l o f  1 2 6 7 0 m , w h ic h  is  lo n g  e n o u g h  to  s h o w  th e  
e f fe c t  o f  S B  S .
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F ig u r e  4. O p t ic a l  P o w e r  vs. Q  fa c to r
In  th is  e x p e r im e n t , w e  c h a n g e  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  re e l b y  
c h a n g in g  th e  p u m p  p o w e r  o f  th e  E D F A  ( o p t ic a l a m p li f ie r )  a n d  re a d  th e  o p t ic a l  p o w e r  
v a lu e  f r o m  th e  in l in e  p o w e r  m e te r  1. A f t e r  th e  s ig n a l p ro p a g a t in g  th ro u g h  the  12 .7 
k m  lo n g  f ib e r  re e l,  w e  a d ju s te d  th e  a t te n u a t io n  o f  th e  in l in e  p o w e r  m e te r  2 to  k eep  
th e  o p t ic a l  p o w e r  to  b e  la u n c h e d  in to  th e  p h o to d io d e  3 d B m  co n s ta n t . F o r  th e  la se r  
d io d e ,  w e  se t th e  b ia s  c u r re n t  at 6 0  m A  to  g u a ran tee  th a t i t  w o r k s  in  l in e a r  area. F r o m  
the  o s c i l lo s c o p e  w e  re a d  th e  v a lu e  o f  s ig n a l to  n o is e  ra t io ,  w h ic h  is  th e  sam e  as the  Q  
fa c to r . I n  F ig u r e  4  w e  see  th a t th e  Q  fa c to r  f a l l  d o w n  s h a rp ly  w h e n  th e  o p t ic a l  p o w e r  
la u n c h e d  in to  th e  f ib e r  r e e l r e a c h e d  12.5 d B m . S in c e  the  d e g ra d a t io n  o f  Q  fa c to r  
b e g in s  a t th e  S B S  th re s h o ld ,  w e  k n o w  th a t fo r  o u r  e x p e r im e n t  se t-u p , th e  S B S  
th re s h o ld  is  a b o u t  12 .5  d B m .
4 .2  F a d in g  E f f e c t  W it h o u t  a n y  F i l t e r
In  o rd e r  to  in v e s t ig a te  th e  fa d in g  e f fe c t  a n d  the  S B S  e f fe c t  s im u lt a n e o u s ly ,  w e  set up  
th e  e x p e r im e n t  w it h o u t  a n y  B r a g g  g ra t in g  in  th e  s y s te m  a n d  c h a n g e  th e  p u m p  p o w e r  
o f  th e  E D F A  to  k e e p  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  r e e l 12 .5  d B m  (s h o w n  
o n  th e  in l in e  p o w e r  m e te r  1). A t  th e  r e c e iv e r ,  w e  a d ju s te d  th e  a t te n u a t io n  o f  th e  
in l in e  p o w e r  m e te r  2 to  k e e p  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  p h o to d io d e  0  d B m .
F r o m  e x p e r im e n ts , w e  fo u n d  tha t, w h e n  th e  f ib e r  re e l is  as lo n g  as 2 5  k m , th e  fa d in g  
e f fe c t  is  th e  m o s t  s e r io u s . H e n c e  w e  c o n n e c te d  tw o  f ib e r  re e ls  o f  1 2 6 7 0 m  to g e th e r  to  
g e t th e  f ib e r  le n g th  at a ro u n d  25  k m .
In  o rd e r  to  m e a su re  th e  o p t ic a l  s p e c tru m , an O p t ic a l S p e c t ru m  A n a ly s e r  ( A n r i t s u  M S  
9 7 1 7 A )  is  e m p lo y e d  ju s t  b e fo r e  th e  p h o to d io d e  (see F ig u r e  2 ). T h e  r e s u lt  is  d is p la y e d  
in  F ig u r e  5.
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F ig u r e  5. T h e  o p t ic a l  s p e c t ru m  ju s t  b e fo re  th e  p h o to d io d e
T h e  o p t ic a l  s p e c tru m  is  s h o w n  as D o u b le  S id e  B a n d  s ig n a l ( D S B ) ,  w h ic h  cau se s  
s ig n a l fa d in g  as w e  h a v e  m e n t io n e d  b e fo re . In  th is  ca se , th e  p h a se  d if fe r e n c e  b e tw e e n  
the  tw o  s id e  b a n d s  is  a ro u n d  ic, w h ic h  in d u c e s  th e  c a n c e l o u t  o f  th e  s ig n a ls . A s  fo r  
th is  e x p e r im e n t , th e  e y e -d ia g ra m  s h o w n  f r o m  th e  o s c i l lo s c o p e  is  d is p la y e d  in  f ig u re  
6, w h ic h  v e r if ie s  o u r  p r e d ic t io n  o f  c lo s e d  e y e s  v e r y  w e l l .  In  a d d it io n a l,  b e ca u se  o f  
th e  in f lu e n c e  o f  S B S ,  e v e n  w h e n  th e  e y e  is  c lo s e d , se v e re  n o is e  is  a ls o  c le a r ly  s h o w n  
o n  th e  e y e -d ia g ra m .
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Figure 6. The eye-diagram of the DSB signal shown on the oscilloscope
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In  o rd e r  to  m e a su re  th e  e f fe c t  o f  th e  p o s t - f i lt e r in g ,  w e  p o s it  th e  B r a g g  g ra t in g  at the 
p o s it io n  “ C ”  o f  F ig u r e  2. T h e  o p t ic a l p o w e r  la u n c h e d  in to  th e  25  k m  f ib e r  re e l is  k e p t  
at 12 .5 d B m  and  the  o p t ic a l  p o w e r  la u n c h e d  in to  th e  p h o to d io d e  is  s t i l l  b e en  k e p t  at 0 
d B m  as b e fo re .
B y  u s in g  the  O p t ic a l  S p e c t ru m  A n a ly s e r  to  m e a su re  th e  o p t ic a l s p e c tru m  ju s t  b e fo re  
th e  p h o to d io d e ,  w e  g o t f ig u re  7.
4.3 The System with Post-filtering
F ig u r e  7 s h o w s  n o t  o n ly  th e  d e p re s s io n  o f  o n e  s id e  b a n d , b u t  a ls o  th e  S B S  e f fe c t  at 
a b o u t th e  11 G H z  d is ta n c e  f r o m  th e  o p t ic a l  c e n t ra l c a r r ie r .  W e  c a n  ge t i t  f r o m  the  
fo rm  o f  th e  f lu c tu a t io n  c u r v e  b e tw e e n  th e  c a r r ie r  a n d  th e  r e m a in in g  s id e b a n d . T h e  
c a r r ie r  f lu c tu a te s  b e c a u se  o f  th e  e f fe c t  o f  S B S ,  w h ic h  is  n o t  s h o w n  in  th is  sp e c tru m , 
b u t  c a n  b e  r e a l iz e d  i f  w e  in v e s t ig a te  th e  in l in e  p o w e r  m e te r  2. S in c e  the  d o w n -  
c o n v e r te d  s ig n a l is  th e  b e a t r e s u lt  b e tw e e n  th e  f lu c tu a te d  c a r r ie r  a n d  the  s id e  b an d , 
s e v e re  n o is e  is  in d u c e d  in to  th e  s ig n a l a n d  th e  e y e  in  t h is  c a se  is  as f o l lo w s  in  f ig u re  
8.
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F ig u r e  8. T h e  e y e -d ia g ra m  o f  th e  p o s t - f i l t e r in g  s y s te m  
4 .4  T h e  S y s te m  w it h  P r e - f i l t e r in g
A t  la s t, in  o rd e r  to  m e a su re  the  e f fe c t  o f  p r e - f i l t e r in g ,  w e  p o s it  th e  B r a g g  g ra t in g  at 
th e  p o s it io n  “ A ”  in  F ig u r e  2. A l t h o u g h  th e  o p t ic a l  p o w e r  b e fo r e  th e  B ra g g  g ra t in g  is  
s t i l l  12 .5  d B m ,  a fte r  p a s s in g  th ro u g h  th e  B r a g g  g ra t in g , th e  in l in e  p o w e r  m e te r  1 
s h o w  th a t th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  f ib e r  r e e l is  o n ly  7 .0  d B m .  A s  b e fo re , 
w e  a d ju s t  th e  a tte n u a to r  v a lu e  o f  th e  in l in e  p o w e r  m e te r  2 to  m a k e  su re  th e  o p t ic a l 
p o w e r  to  b e  la u n c h e d  in to  th e  p h o to d io d e  k e p t  a t 0  d B m .  T h e  sa m e  as b e fo re , w e  
e x a m in e  th e  o p t ic a l  s p e c t ru m  b e fo re  th e  p h o to d io d e ,  w h ic h  is  m a n ife s te d  in  F ig u r e  9.
F ig u r e  9. T h e  o p t ic a l  s p e c t ru m  in  f ro n t  o f  th e  p h o to d io d e  in  c a se  o f  p r e - f i l t e r in g
S in c e  th e  o p t ic a l  p o w e r  la u n c h e d  in to  th e  o p t ic a l  f ib e r  is  lo w e r  th a n  th e  S B S  
th re s h o ld ,  th e  o p t ic a l  s p e c t ru m  sh o w s  s m o o th  b e tw e e n  th e  c a r r ie r  a n d  the  s id e b a n d ,
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an d  w e  s u c c e s s fu l ly  a v o id  th e  e f fe c t  o f  S B S .  In  th is  ca se , w e  ge t a  c le a r  a n d  c le a n  
e y e -d ia g ra m  s h o w n  in  f ig u r e  10.
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F ig u r e  10. T h e  e y e -d ia g ra m  o f  th e  p r e - f i l t e r in g  sy s te m
C o n c lu s io n
In  t h is  p a p e r , w e  in v e s t ig a te  th e  p o s s ib i l i t y  o f  p e r f o r m in g  S S B  f i l t e r in g  to  
s im u lt a n e o u s ly  o v e r c o m e  th e  e f fe c ts  o f  d is p e r s io n  a n d  S B S  in  th e  t r a n s m is s io n  f ib re . 
T h e  s y s te m  p e r fo rm a n c e  is  v e r if ie d  fo r  S S B  p r e - f i l t e r in g  a n d  c o m p a re d  w it h  th e  ca se  
w h e re  th e  f i l t r a t io n  is  p e r fo rm e d  at th e  r e c e iv e r .  O u r  e x p e r im e n ts  s h o w e d  th a t the  
p r e - f i l t e r in g  m e th o d  c o u ld  n o t  o n ly  ge t th e  S S B  t ra n s m is s io n  s ig n a l,  b u t  a ls o  a v o id  
th e  e f fe c t  o f  S S B ,  w h ic h  is  b e n e f it  fo r  th e  q u a l i t y  o f  th e  r e c e iv e d  s ig n a ls  o f  th e  
sy s tem s.
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